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A B S T R A C T  
Experimental d a t a  were taken wi th  t h r e e  d i f f e r e n t  i o n  
e x t r a c t i o n  systems (namely, t h e  dua l  g r i d  e l e c t r o s t a t i c ,  
movable s c reen  e l e c t r o d e ,  and vec to rab le  d i scha rge  chamber 
sys t ems) ,  demons t ra t ing  t h a t  each i s  capable  of  v e c t o r i n g  
t h e  beam from a  5 cm t h r u s t e r  t o  + l o  degrees  o r  more. The 
e l e c t r o s t a t i c  system was chosen f o r  a  1 0 0  hour endurance 
t e s t  over  t h e  l a t t e r  two on t h e  b a s i s  o f  speed o f  response 
and t h e  absence o f  any moving p a r t s .  The performance of  
t h e  e l e c t r o s t a t i c  and movable s c reen  systems i s  compared 
wi th  t h a t  p r e d i c t e d  on t h e  b a s i s  o f  a n a l y t i c a l  models of  
each de r ived  from a  computer s imu la t ion  o f  t h e  i o n  t r a -  
j e c t o r i e s  o f  a  s i n g l e  a p e r t u r e .  A t a b l e ,  comparing t h e  
m e r i t s  o f  t h e  va r ious  systems based on a  wide range of  
c r i t e r i a ,  i s  provided.  
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SECTION I 
SUMMARY 
A number of  techniques  f o r  c o n t r o l l i n g  t h e  d i r e c t i o n  of 
t h r u s t  from a  mercury bombardment i o n  t h r u s t e r  were eva lua t ed ,  
t h e  most promising were f a b r i c a t e d ,  and t h e i r  performance ex- 
pe r imen ta l ly  documented and compared wi th  t h a t  p r e d i c t e d  from 
a n a l y t i c a l  models. The b a s i c  goa l  was t o  des ign  an e l e c t r o d e  
system f o r  a  5 cm t h r u s t e r  t h a t  would prov ide  up t o  t e n  degree  
d e f l e c t i o n  of  t h e  t h r u s t  v e c t o r  a t  a l l  azimuths.  The f i n a l  
s e l e c t i o n  was made from t h r e e  systems - e l e c t r o s t a t i c  dua l  
g r i d ,  movable s c r e e n  e l e c t r o d e ,  and v e c t o r a b l e  d i scha rge  
chamber. Func t iona l  hardware, r e p r e s e n t a t i v e  of  each o f  
t h e s e  systems,  was f a b r i c a t e d  and t e s t e d  i n  a  s p e c i a l l y  de- 
s igned  f a c i l i t y  which was ins t rumented wi th  a  rake  o f  movable 
Faraday cups t o  monitor t h e  beam i n t e n s i t y  over  a  p l ane  nor-  
mal t o  t h e  t h r u s t e r  a x i s .  This  in format ion  was then  processed 
by computer t o  p rov ide  contour  p l o t s  o f  t h e  beam i n t e n s i t y  and 
t h e  l o c a t i o n  of  t h e  t h r u s t  a x i s .  
While a l l  t h r e e  systems meet t h e  des ign  s p e c i f i c a t i o n s ,  
t h e  e l e c t r o s t a t i c  system was cons idered  t h e  most promising on 
t h e  b a s i s  o f  speed o f  response and t h e  absence of  any moving 
p a r t s .  I t  was sub jec t ed  t o  a  1 0 0  hour endurance t e s t  du r ing  
which time t h e  beam was vec tored  t o  approximately + 1 0  degrees  
i n  each of two or thogona l  axes .  No deg rada t ion  i n  v e c t o r i n g  
c a p a b i l i t y  was observed du r ing  t h e  t e s t  p e r i o d ,  and on ly  
s l i g h t  e r o s i o n  was e v i d e n t  on t h e  downstream edges o f  t h e  
e l e c t r o d e s  nea r  t h e  c e n t e r  o f  t h e  beam fo l lowing  t h e  t e s t ,  
The performance of  t h e  5 cm t h r u s t e r  when o p e r a t i n g  wi th  t h e  
dua l  g r i d  e l e c t r o s t a t i c ,  movable s c reen  and s i n g l e  g r i d  g l a s s  
coa ted  nonde f l ec t ing  o p t i c s  systems i s  p re sen ted  i n  t h e  
fol lowing t a b l e .  
The convent iona l  d u a l  g r i d  system i n  which t h e  s c reen  
could be  t r a n s l a t e d  r e l a t i v e  t o  t h e  a c c e l e r a t o r  e l e c t r o d e  i s  
an accep tab le  a l t e r n a t i v e  t o  t h e  dua l  g r i d  e l e c t r o s t a t i c  de- 
s i g n .  While such a  system i s  i n h e r e n t l y  s lower  than t h e  
e l e c t r o s t a t i c  system because o f  t h e  thermomechanical a c t u a t o r s ,  
it was p o s s i b l e  t o  v e c t o r  t h e  i on  beam more than 20  degrees  
wi th  s l i g h t  i n t e r c e p t i o n  a t  t h e  a c c e l e r a t o r .  A p a r t i c u l a r  ad- 
vantage o f  t h e  movable s c reen  e l e c t r o d e  i s  t h a t  it i s  e q u a l l y  
a p p l i c a b l e  t o  t h r u s t e r s  o f  l a r g e r  s i z e ,  wh i l e  t h e  complexity 
of  t h e  mechanical des ign  f o r  e l e c t r o s t a t i c  systems i n c r e a s e s  
r a p i d l y  w i th  t h r u s t e r  d iameter .  
A t a b u l a r  comparison o f  t h e  t h r e e  d e f l e c t i o n  systems,  
based on 1 4  c h a r a c t e r i s t i c s  ranging  from performance, t o  c o s t ,  
t o  r e l i a b i l i t y ,  i s  inc luded  i n  a  l a t e r  s e c t i o n  o f  t h i s  r e p o r t .  
S U M M A R Y  O F  5 CM T H R U S T E R  PERFORMANCE W I T H  T H R E E  O P T I C S  SYSTEPIS 
O P T I C S  S Y S T E M  
Parameter  
S p e c i f i c  Impulse , 
'n d i s c h a r g e  , % 
Jr 
* / T h e s e  e f f i c i e n c i e s  do n o t  i n c l u d e  t h e  e l e c t r i c a l  power o r  mass 1 f lov i ra t e  of  t h e  n e u t r a l i z e r .  
S E C T I O N  I 1  
INTRODUCTION 
S i g n i f i c a n t  system s i m p l i f i c a t i o n s  can be  achieved i f  t h e  
beam from an i o n  t h r u s t e r  can be vec tored  about t h e  nominal 
t h r u s t  a x i s .  For i n s t a n c e ,  t h e  a t t i t u d e  c o n t r o l  func t ion  a s  
w e l l  a s  s t a t i o n  keeping of  a  s a t e l l i t e  can be  accomplished by 
c o n t r o l l i n g  t h e  d i r e c t i o n  o f  t h e  t h r u s t  from t h e  mil l ipound 
t h r u s t e r  necessary  f o r  s t a t i o n  keeping a lone .  With primary 
propuls ion  systems,  which use  an a r r a y  o f  much l a r g e r  t h r u s t e r  
modules, t h r u s t  v e c t o r i n g  may b e  used t o  a c c u r a t e l y  a l i g n  t h e  
t h r u s t  v e c t o r  and t h e  v e h i c l e  c e n t e r  of  mass t o  compensate f o r  
misalignments caused by f a i l u r e  o f  a  t h r u s t e r  module, s t r u c -  
t u r a l  changes, o r  changes i n  power l e v e l .  
While t h r u s t  v e c t o r i n g  had been achieved wi th  va r ious  
cesium i o n  t h r u s t e r s ,  no r e p o r t s  d e s c r i b i n g  t h e  s u c c e s s f u l  
v e c t o r i n g  o f  t h e  beam from a  mercury bombardment t h r u s t e r  
were a v a i l a b l e  a t  t n e  beginning o f  t h i s  c o n t r a c t .  
In  o r d e r  t o  a s s u r e  t h a t  no promising techniques  f o r  t h r u s t  
v e c t o r i n g  were over looked,  t h e  program, a s  de f ined  i n  t h e  
Sta tement  o f  Work, began w i t h  a  very broad survey o f  t h r u s t  
v e c t o r i n g  techniques  and then  narrowed t h e  f i e l d  o f  i n t e r e s t  
i n  succes s ive  s t a g e s  t o  t h e  p o i n t  where a  s i n g l e  system was 
endurance t e s t e d  f o r  1 0 0  hours .  A f i r s t  s e l e c t i o n  was made 
from t h e  l i s t  o f  t h o s e  des igns  cons idered  conceptua l ly  p o s s i b l e  
on t h e  b a s i s  o f  t h e  c r i t e r i a  l i s t e d  i n  Table  I .  Pre l iminary  
des igns  f o r  s e v e r a l  systems were submit ted t o  NASA, and fou r  
were s e l e c t e d  f o r  f i n a l  des ign ,  f a b r i c a t i o n ,  t e s t ,  and d e l i v e r y  
f o r  f u r t h e r  v e r i f i c a t i o n  o f  t h e i r  performance a t  NASA LeRC, 
The s p e c i a l  r e p o r t s  d i s c u s s i n g  t h e  comparisons made a t  
each l e v e l  o f  s e l e c t i o n  p l u s  t h e  exper imental  d a t a  generated 
dur ing  t h e  t e s t i n g  phase of  t h e  program (which has  been subse- 
quent ly  v e r i f i e d  a t  LeRC) should s e r v e  a s  a  sound b a s i s  for 
3 
the development o f  f u t u r e  sys tems f o r  a l l  s i z e s  and t y p e s  o f  
bombardment t h r u s t e r s .  I n  p a r t i c u l a r ,  two sys tems (one  e l e c -  
trical and one mecllanical)  were found t o  meet o r  exceed a l l  
s p e c i f i c a t i o n s  l i s t e d  i n  t h e  c o n t r a c t  s t a t e m e n t  o f  work. 
T A B L E  I 
T H R U S T  V E C T O R I N G  T E C H N I Q U E  C R I T E R I A  
C r i t e r i o n  I D e s c r i p t i o n  a n d  Comments 1 
D e f l e c t i o n  A n g l e  
D e f l e c t i o n  A z i m u t h  
Response  T i m e  
P o i n t i n g  A c c u r a c y  
L i f e t i m e  
T h r u s t e r  P e r f o r m a n c e  
A d a p t a b i l i t y  
T e s t e d  C o n c e p t  
D e v e l o p m e n t  T ime & C o s t  
M e i g h t  
Power  
Re1 i a b i l ~ r y  
PC&C Requ i  r e m e n t  
T h r u s t e r  D e s i g n  
The maximum a n g l e  t h r o u g h  w h i c h  t h r u s t  v e c t o r  m u s t  be d e f l e c t e d  I 
e may b e  d i s c r e t e  o r  c o n t i n u o u s  I 
e may b e  a  f u n c t i o n  o f  l i f e t i m e  r e q u i r e m e n t  I 
The a z i m u t h  a b o u t  t h e  m a i n  t h r u s t  a x i s  o v e r  w h i c h  t h e  i o n  beam m u s t  
b e  d e f l e c t e d  
e may be s i n g l e  a x i s  I 
e may be two  a x i s  ( o r t h o g o n a l )  I 
0 may b e  271 s r  I 
A  m e a s u r e  o f  t h e  s p e e d  a t  w h i c h  t h e  i o n  beam m u s t  b e  p o s i t i o n e d  I 
The  a b s o l u t e  a c c u r a c y  a n d  s t a b i l i t y  w i t h  w h i c h  t h e  t h r u s t  v e c t o r  
c a n  b e  p o s i t i o n e d  I 
The e f f e c t  o f  i o n  beam d e f l e c t i o n  o n  t h r u s t e r  l i f e t i m e  
e may b e  a  f u n c t i o n  o f  maximum d e f l e c t i o n  a n g l e  
The  e f f e c t  o n  t h r u s t e r  p e r f o r m a n c e  I 
The a p p l i c a b i l i t y  o f  a g i v e n  t e c h n i q u e  t o  v a r i o u s  s i z e  t h r u s t e r s  
( e . g . ,  5 cm t o  3 0  cm) 
The e x t e n t  t o  w h i c h  t h e  c o n c e p t  h a s  been  t e s t e d  - t h u s  m i n i m i z i n g  
d e s i g n  u n c e r t a i n t i e s  I 
C o m p a t i b i l i t y  o f  t i m e  a n d  c o s t  r e s o u r c e s  a v a i l a b l e  t o  t h e  p r o p o s e d  
p r o g r a m  I 
The  w e i g h t  p e n a l t y  a s s o c i a t e d  w i t h  t h e  i n c o r p o r a t i o n  o f  a  t h r u s t  
v e c t o r i n g  s y s t e m  
The p o w e r  ( b o t h  s t e a d y - s t a t e  a n d  p e a k )  r e q u i r e d  t o  v e c t o r  t h e  i o n  
bean1 
The  c o n f i d e n c e  t h a t  t h e  s y s t e m  w i l l  s u r v i v e  l a u n c h  a n d  f u n c t i o n  
f o r  t h e  d u r a t i o n  o f  t h e  m i s s i o n  
The c o m p l e x i t y  o f  t h e  p o w e r  c o n d i t i o n i n g  a n d  c o n t r o l  s y s t e m  r e -  
q u i r e d  t o  o p e r a t e  t h e  t h r u s t  v e c t o r i n g  s y s t e m  
The  e f f e c t  o n  b a s i c  d e s i g n  o f  t h e  t h r u s t e r  I 
e some t e c h n i q u e s  may r e q u i r e  d i s c h a r g e  chamber  
a n d / o r  n e u t r a l i z e r  r e d e s i g n  
0 s h o u l d  b e  m i n i m i z e d  ( t o  m i n i m i z e  r i s k )  
T14  
S E C T I O N  I 1 1  
E V A L U A T I O N  O F  T H R U S T  V E C T O R I N G  C O N C E P T S  
The f i r s t  major  t a s k s  under t h e  program r e p o r t e d  h e r e  
w e r e  t o  l i s t  t h e  v a r i o u s  p o s s i b l e  t h r u s t  v e c t o r i n g  concep t s  i n  
a  manageable form and t o  p rov ide  a  se t  o f  c r i t e r i a  a g a i n s t  
which t h e  r e l a t i v e  m e r i t s  o f  each  sys tem cou ld  b e  judged, 
These c r i t e r i a  a r e  l i s t e d  and d e f i n e d  i n  Tab le  I .  
The systems were c l a s s i f i e d  f i r s t  a s  t o  t h e  t y p e  o f  i o n  
o p t i c a l  e lement  used and second a s  t o  o v e r - a l l  a r r a y  geometry. 
The number o f  p o s s i b i l i t i e s  d i s c u s s e d  i n  t h e  f i r s t  s p e c i a l  
r epo r t1  t o t a l e d  n e a r l y  t h i r t y .  Of t h e s e ,  f o u r  appeared t o  be 
t h e  most promis ing and w e r e  chosen f o r  expe r imen t a l  eva lua-  
t i o n .  These were 
Q) Dual g r i d  sys tem wit11 e l e c t r o s t a t i c  d e f l e c t i o n  
@ S i n g l e  ( i n s u l a t e d )  g r i d  system w i t h  e l e c t r o -  
s t a t i c  d e f l e c t i o n  
f~ Dual g r i d  sys tem w i t h  d e f l e c t i o n  by c o n t r o l l e d  
a p e r t u r e  misa l ignment  
f~ Vec to rab l e  d i s c h a r g e  chamber. 
The r e a d e r  i s  r e f e r r e d  t o  t h e  above r e f e r e n c e d  r epo r t1  and t o  
t h e  subsequen t  de s ign  r e p o r t -  f o r  a  complete l i s t i n g  o f  t h e  
systems which were ana lyzed  and t h e  r ea sons  f o r  t h e i r  r e j e c -  
t i o n .  The systems l i s t e d  above a r e  d i s c u s s e d  i n  t h e  fo l l owing  
t e x t .  
A. ELECTROSTATIC DEFLECTION SYSTEM - DUAL AND SINGLE G R I D  
1. System Ana ly s i s  
The t e chn ique  o f  e l e c t r o s t a t i c a l l y  d e f l e c t i n g  t h e  beam 
from an  i o n  t h r u s t e r  has  been d i s c u s s e d  i n  d e t a i l  by Anderson 3 
4 
and Worlock. B a s i c a l l y ,  it c o n s i s t s  o f  imposing a  t r a n s v e r s e  
5 
e l e c t r i c  f i e l d  a c r o s s  t h e  i o n  beam i n  t h e  r eg ion  of  t h e  nega- 
t i v e  a c c e l e r a t o r  e l e c t r o d e  p r i o r  t o  n e u t r a l i z a t i o n .  Such a  
technique was f i r s t  app l i ed  t o  cesium c o n t a c t  t h r u s t e r s  o f  
both  s i n g l e  c i r c u l a r  a p e r t u r e  and l i n e a r  s t r i p  c o n f i g u r a t i o n s .  
Extension of  t h i s  concept t o  bombardment t h r u s t e r s  whose i o n  
e x t r a c t i o n  system c o n s i s t s  o f  a  two-dimensional a r r a y  o f  c i r -  
c u l a r  a p e r t u r e s  i s  made mechanically d i f f i c u l t  because each 
a p e r t u r e  i n  t h e  a c c e l e r a t o r  must c o n t a i n  f o u r  d e f l e c t i o n  
p l a t e s  e l e c t r i c a l l y  i s o l a t e d  from each o t h e r .  Analysis  o f  
such  a system i s  e q u a l l y  d i f f i c u l t  because of  t h e  asymmetries 
in t roduced  i n  t h e  shape o f  t h e  e l e c t r i c  f i e l d  i n  t h e  c i r c u l a r  
a p e r t u r e  by t h e  d e f l e c t i o n  v o l t a g e ,  and t h e  f a c t  t h a t  t h e  
plasma s u r f a c e  from which t h e  i o n s  a r e  emi t t ed  w i l l  move t o  
co inc ide  wi th  one o f  t h e s e  e q u i p o t e n t i a l s .  Because t h e s e  two 
e f f e c t s  a r e  i n t e rdependen t ,  an i t e r a t i v e  procedure  i s  r e -  
q u i r e d  f o r  an e x a c t  s o l u t i o n .  This  f a c t ,  coupled wi th  t h e  
f u r t h e r  complicat ion t h a t  t h e  s o l u t i o n  o f  t h e  i on  t r a j e c t o r i e s  
i n  t h e  presence o f  t h e i r  own space charge a l s o  r e q u i r e s  an 
i t e r a t i v e  s o l u t i o n ,  f o r c e s  an a n a l y s i s  t h a t  i s  f a r  beyond o u r  
c u r r e n t  computational  c a p a b i l i t i e s .  
A s  a  r e s u l t  o f  t h e  i n a b i l i t y  t o  s o l v e  t h e  e x a c t  problem 
s p e c i f i e d  above, a  compi la t ion  o f  r e s u l t s  genera ted  us ing  
both d i g i t a l  and analog computer models a s  w e l l  a s  c lo sed  
a n a l y t i c a l  exp res s ions  were used t o  e s t i m a t e  t h e  d e f l e c t i o n  
s e n s i t i v i t y  and beam handl ing  c a p a b i l i t y  o f  t h e  system. These 
r e s u l t s  a b s t r a c t e d  from a  second s p e c i a l  r e p o r t  comparing t h e  
va r ious  systems2 a r e  a s  fo l lows .  
@ The tangent  o f  t h e  d e f l e c t i o n  ang le  i s  given by t h e  
equa t ion  
where 
8 = d e f l e c t i o n  ang le  (degrees )  
L = l e n g t h  o f  d e f l e c t i o n  p l a t e s  (i . e . ,  t h e  
t h i ckness  o f  t h e  a c c e l e r a t o r  e l e c t r o d e  (cm) ) 
D = diameter  o f  t h e  a p e r t u r e  i n  t h e  a c c e l e r a t o r  
e l e c t r o d e  (cm) 
'd = t o t a l  d e f l e c t i o n  vo l t age  a p p l i e d  a c r o s s  t h e  
a c c e l e r a t o r  a p e r t u r e  ( V )  
V = average v o l t a g e  through which t h e  i o n s  have 
avg been a c c e l e r a t e d  a t  t h e  a c c e l e r a t o r  (i .e .  , 
'beam + I 'accel 1 ( V )  
k e f f  = d e f l e c t i o n  s e n s i t i v i t y .  
While t h e  l i m i t i n g  va lue  o f  k  
c e f f  
i s  0.5 a s  L approaches i n -  
J f i n i t y ,  it was e s t ima ted  t h a t  because o f  t h e  l a r g e  end e f f e c t s ,  
t h e  a c t u a l  va lue  could be  a s  h igh  a s  t h r e e  f o r  t h e  s h o r t  de- 
f l e c t i o n  r eg ions  employed he re .  
The average d e f l e c t i o n  angle  was expected t o  be a  
weak func t ion  o f  t h e  plasma boundary except  f o r  very c l o s e  
a c c e l e r a t o r  s c r een  e l e c t r o d e  spac ings .  
@ The r a t i o  L/D i s  important  i n  determining both t h e  
d e f l e c t i o n  s e n s i t i v i t y  and t h e  maximum c u r r e n t  handl ing  capa- 
b i l i t y  of  t h e  i on  e x t r a c t i o n  system. This  i s  i l l u s t r a t e d  i n  
F ig .  1, where t h e  beam d iameter  i s  p l o t t e d  ve r sus  t h e  normal- 
i z e d  d e f l e c t i o n  l e n g t h  f o r  d e f l e c t i o n  ang le s  o f  1 0  t o  16 de- 
g rees .  The f i g u r e  shows t h a t  t o  p reven t  i n t e r c e p t i o n  (43 < Qcrit)  
it i s  necessary  t o  reduce t h e  en t r ance  beam s i z e  a s  t h e  de- 
f l e c t i o n  system i s  made longe r .  Thus, t h e r e  i s  a  t r a d e o f f  be- 
tween d e f l e c t i o n  l e n g t h  (which a f f e c t s  d e f l e c t i o n  s e n s i t i v i t y )  
and en t r ance  beam d iameter .  For example, f o r  a  1 0  degree  beam 
d e f l e c t i o n ,  a s  t h e  normalized d e f l e c t i o n  l e n g t h  (de f ined  a s  
t h e  r a t i o  o f  t h e  l e n g t h  of  t h e  d e f l e c t i n g  e l e c t r o d e s  t o  t h e i r  
spac ing  o r  d iameter )  v a r i e s  from 0.25 t o  1 . 0 ,  t h e  maximum normal- 
i z e d  beam d iameter  dec reases  from 0.91 t o  0.65. The two p o i n t s  
shown i n  Fig .  1 a r e  e x t r a p o l a t e d  from d i g i t a l  computer t r a j e c t o r y  
c a l c u l a t i o n s .  
@ The beam s i z e  a t  t h e  p o i n t  a t  which it e n t e r s  t h e  
a c c e l e r a t o r  a p e r t u r e  i s  governed by t h e  e x t r a c t i o n  geometry. 
F igure  2 shows t h e  p l o t  o f  perveance p e r  ho le  ve r sus  t h e  
normalized beam d iameter  f o r  two d i f f e r e n t  e x t r a c t i o n  geom- 
e t r i e s .  A s  t h e  plasma s h e a t h  recedes  i n t o  t h e  s c r e e n  h o l e ,  
t h e  perveance p e r  h o l e  and t h e  beam d iameter  de f ined  by t h e  
o u t e r  edge t r a j e c t o r y  bo th  dec rease  i n  t h e  manner shown. 
Presumably, t h i s  curve would s t a r t  r i s i n g  aga in  when d i r e c t  
c rossovers  s t a r t  t o  occur .  
The above a n a l y s i s  suggested an ion  e x t r a c t i o n  system 
wi th  t h e  fo l lowing  c h a r a c t e r i s t i c s  f o r  t h e  5  cm t h r u s t e r :  
Number o f  a p e r t u r e s  97 
Beam c u r r e n t  30 rnA 
Beam vo l t age  (A/D = 2.0)  1.1 kV 
Thrust  0 . 4 6  mlb 
L/D of  a c c e l  a p e r t u r e  0.74 
F igure  3  i l l u s t r a t e s  bo th  a  dua l  g r i d  a p e r t u r e  and a  s i n g l e  
i n s u l a t e d  e l e c t r o d e  a p e r t u r e  which s a t i s f y  t h e  above c r i t e r i a  
f o r  a 5 cm t h r u s t e r .  
2, Design and F a b r i c a t i o n  
A f t e r  cons ide r ing  a  number o f  a l t e r n a t i v e s ,  t h e  on ly  
p r a c t i c a l  des ign  which s a t i s f i e d  t h e  e l e c t r i c a l  c o n s t r a i n t s  
was an "eggcra te"  s t r u c t u r e  assembled from i n t e r l o c k i n g  s t r i p  
e l e c t r o d e s  a s  i s  i l l u s t r a t e d  i n  F ig .  4 .  Carefu l  i n s p e c t i o n  of  
t h i s  f i g u r e  r e v e a l s  t h a t  each a p e r t u r e  i s  bounded by t h e  neces- 
s a r y  fou r  e l e c t r i c a l l y  independent e l e c t r o d e s  and t h a t  t h e  i n -  
d i v i d u a l  s t r i p s  may be  in t e r connec ted  a t  t h e  pe r iphe ry  of t h e  
;K- .3C POINTS EXTRAPOLATED FROM 
DIGITAL COMPUTER TRAJECTORY 
CALCULATIONS 
F i g .  1 .  M a x i m u m  B e a m  D i a m e t e r  a s  a F u n c t i o n  o f  N o r m a l -  
i z e d  D e f l e c t i o n  L e n g t h .  
I 
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NORMALIZED BEAM DIAMETER 
F i g .  2 .  P e r v e a n c e  p e r  H o l e  v e r s u s  N o r m a l i z e d  Beam 
D i a m e t e r .  ( L I D  = 0 . 4 2  f o r  C a s e s  1  a n d  2 ,  
A c c e l  t o  S c r e e n  S p a c i n g  = 0 . 2 2 9  cm f o r  
C a s e  1  a n d  0 . 1 7 8  cm f o r  C a s e  2 . )  
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OPTIC 
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Fig.  3 .  E l ec t rode  Aper ture  Designs.  ( a )  Dual Grid .  
( b )  S i n g l e  Grid.  
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MOLYBDENUM STRIP 
CERAMIC STRl 
F l ' g .  5. 
V e c t o r a b l e  Dual Grid 
E x t r a c t i o n  System. 
F ig .  4 .  
Bas ic  I n t e r l o c k i n g  E g g -  
c r a t e  E l e c t r o d e  Design 
S t r u c t u r e .  
RETAINING PIN (CERAMIC) ELECTRODE-BEAM DEFLECTING PLATE 
(MOLYBDENUM) 
e l e c t r o d e .  F i g u r e s  5 and 6 i l l u s t r a t e  t h e  a p p l i c a t i o n  o f  t h i s  
concept  t o  bo th  the a c c e l e r a t o r  o f  a  d u a l  g r i d  system and t o  
a  s i n g l e  i n s u l a t e d  g r i d  s t r u c t u r e  where t h e  edge o f  t h e  i n -  
s u l a t i n g  m a t e r i a l  between t h e  s t r i p s  s e r v e s  a s  t h e  r e g i o n  o f  
plasma a t t achment .  
A c o n s i d e r a b l e  e f f o r t  was expended t o  p e r f e c t  t h e  b r a z i n g  
t e chn iques  used t o  f a b r i c a t e  t h e s e  p a r t s  and t o  form t h e  e l e c -  
t r o d e  s t r i p s  s o  a s  t o  ma in t a in  t h e  r e q u i r e d  t o l e r a n c e s .  A 
number o f  d e s i g n  m o d i f i c a t i o n s  w e r e  implemented i n  o r d e r  t o  
improve t h e  s p u t t e r  s h i e l d i n g  o f  t h e  i n s u l a t o r  m a t e r i a l  be- 
tween t h e  e l e c t r o d e s  t o  p r e v e n t  i n t e r e l e c t r o d e  s h o r t i n g .  
While t h e  f a b r i c a t i o n  and assembly p rocedures  w e r e  r e a d i l y  
s o l v e d ,  no s a t i s f a c t o r y  s p u t t e r  s h i e l d  d e s i g n  was found. A s  
a r e s u l t ,  t h e  i n i t i a l  d e s i g n  ( f o r  t h e  d u a l  g r i d  sys tem) was 
modif ied  t o  e l i m i n a t e  t h e  ce ramic  s t r i p s  between t h e  e l e c t r o d e s  
e n t i r e l y  and t o  suspend t h e  e l e c t r o d e s  from t h e  end s u p p o r t s  
on13 a s  shown i n  F i g .  5 .  Th i s  m o d i f i c a t i o n  r e s u l t e d  i n  a  
s i m p l e r  sys tem which was bo th  cheaper  and f a s t e r  t o  assemble 
and which cou ld  b e  des igned  w i t n  a  s m a l l e r  L v a l u e ,  t i lus 
p e r m i t t i n g  a  g r e a t e r  d e f l e c t i o n  a n g l e  b e f o r e  d i r e c t  i n t e r c e p -  
t i o n  o c c u r s .  A sys tem o f  t h i s  d e s i g n  was u l t i m a t e l y  t e s t e d  
f o r  1 0 0  hours  ( s e e  S e c t i o n  V I I ) .  A r e c e n t  de s ign  concept  has 
been evolved t o  pe rmi t  each  e l e c t r o d e  t o  b e  i n d i v i d u a l l y  t en -  
s i o n e d ,  t hus  improving s t a b i l i t y  under  the rmal  l o a d i n g ,  
Unfo r tuna t e ly ,  because  t h e  i n t e r e l e c t r o d e  ceramic  i s  r e -  
q u i r e d  i n  t h e  s i n g l e  g r i d  sys tem t o  anchor t h e  plasma s u r f a c e ,  
it cou ld  n o t  b e  e l i m i n a t e d  t h e r e  t o  p rov ide  s i m i l a r  improve- 
ments t o  t h e  d u a l  g r i d  sys tem.  Th i s  was a  p r i n c i p a l  r e a son  
f o r  t h e  u l t i m a t e  r e j e c t i o n  o f  t h e  s i n g l e  g r i d  e l e c t r o s t a t i c  
sy s  tem. 
R e p r e s e n t a t i v e  hardware o f  each  o f  t h e  above de s igns  i s  
shown i n  F i g s .  7 and 8 .  
MOLYBDENUM 
CERAMIC--, 
( a )  S i n g l e  E l e m e n t .  
F i g .  6 .  V e c t o r a b l e  A c c e l e r a t o r  S i n g l e  E l e c -  
t r o d e  w i t h  I n t e r e l e c t r o d e  Ceramic  
S p a c e r s .  
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F i g .  6 ( b ) .  Exploded  View o f  S i n g l e  E l e c t r o d e  
Assembly.  
F i g .  7 ( a ) .  
E l e c t r o s t a t i c  Dual 
Ups t ream S i d e .  
F i g .  7 ( b ) .  
E l e c t r o s t a t i c  Dual G r i d  - 
Downstream S i d e .  
G r i d  
( a )  U p s t r e a m  S i d e .  
( b )  D o w n s t r e a m  S i d e .  
F i g .  8 .  P h o t o g r a p h s  o f  E l e c t r o s t a t i c a l l y  
V e c t o r a b l e  S i n g l e  G r i d  E x t r a c -  
t i o n  S y s t e m .  
B, MOVABLE SCREEN DEFLECTION SYSTEM 
I t  i s  i n t u i t i v e l y  apparen t  t h a t  a  misalignment between 
t h e  a p e r t u r e s  i n  t h e  s c reen  e l e c t r o d e  and t h e  a c c e l e r a t o r  
e l e c t r o d e  i n  a  convent ional  dua l  g r i d  i o n  e x t r a c t i o n  system 
w i l l  produce a  n e t  d e f l e c t i o n  o f  t h e  average ion  t r a j e c t o r y .  
HRL has r e c e n t l y  completed an ex t ens ive  d i g i t a l  computer 
s tudy  of  t h i s  e f f e c t  a s  one p a r t  o f  an i n v e s t i g a t i o n  of  
t h r u s t  v e c t o r  misalignment and t h r u s t  s t a b i l i t y  f o r  prime 
propuls ion   system^.^ These s t u d i e s  q u a n t i t a t i v e l y  de f ined  
t h e  t r a j e c t o r i e s  o f  t h e  i o n s  a s  a  func t ion  o f  t h e  t r a n s v e r s e  
motion between t h e  s c reen  and a c c e l  e l e c t r o d e s .  Two geom- 
e t r i e s  were s t u d i e d  wi th  nominal t r a n s v e r s e  displacements  o f  
5% and 1 0 %  of  t h e  a c c e l  h o l e  d iameter .  D i g i t a l  computer c a l -  
c u l a t i o n s  of  t h e  s e l f - c o n s i s t e n t  i on  t r a j e c t o r i e s  f o r  t h e s e  
ca ses  ( c a l c u l a t e d  assuming p l a n a r  symmetry) a r e  shown i n  
F igs .  9 and 1 0 .  Note t h a t  f o r  t h e  high perveance c a s e  t h e  
p e r i p h e r a l  i o n s  j u s t  i n t e r c e p t  t h e  a c c e l e r a t o r .  Thus, t h e  
nominal 8  degree  d e f l e c t i o n  i s  a  p r a c t i c a l  maximum t o  be  ex- 
pec ted  wi th  an unoptimized system. F igure  1 0  shows t h e  same 
geometry o p e r a t i n g  a t  a  lower a r r i v a l  r a t e ,  where t h e  more 
concave shea th  produces a  sma l l e r  beam diameter  i n  t h e  ac- 
c e l e r a t o r  e l e c t r o d e  p l ane .  I n  t h i s  c a s e ,  no a c c e l e r a t o r  
e l e c t r o d e  i n t e r c e p t i o n  occu r s .  L inear  e x t r a p o l a t i o n  o f  
t h e s e  d a t a  i n d i c a t e s  t h a t  d i r e c t  i n t e r c e p t i o n  of  t h e  c ros s -  
over  t r a j e c t o r i e s  w i l l  begin  a t  approximately double t h e  de- 
f l e c t i o n  shown o r  a t  approximately 18 degrees .  Analysis  o f  
t h e  t r a j e c t o r i e s  shown i n  t h e  above f i g u r e s  r e s u l t e d  i n  t h e  
d a t a  p l o t t e d  i n  F ig .  11, which shows t h a t  ove r  t h e  range 
s t u z i e d ,  t h e  mean angu la r  d isplacement  o f  t h e  i o n  t r a j e c t o r i e s  
i s  a l i n e a r  func t ion  o f  t h e  a c c e l  e l e c t r o d e  displacement .  
This f i g u r e  a l s o  shows t h e  mean angu la r  displacement i s  n e a r l y  
independent o f  t h e  beam c u r r e n t  w i th  a  d e f l e c t i o n  o f  8.4 de- 
g rees  f o r  a  d isplacement  o f  1 0 %  of t h e  a c c e l  ho l e  diameter .  
0 . 1 8  m m  D i s p l a c e m e n t  ( 5 %  o f  Accel  A p e r t u r e ) ,  Q a v g  = 4 , 1 ° .  
0 . 3 6  nim D i s p l a c e m e n t  ( 1 0 %  o f  Accel  A p e r t u r e ) ,  Q a v g  = 5.2 
F i g .  9 .  D i g i t a l  Computer T r a j e c t o r y  C a l c u l a t i o n s  f o r  
Hg+  P e r v e a n c e  = 5 . 6  x 1 0 - 9  A / V  3 / 2 .  
0 . 1  8 mm Accel D i s p l a c e m e n t  ( 5 %  o f  Accel  A p e r t u r e ) ,  € I a v g  = 4 . 5  
EIOIO- 33 
0 . 3 6  mm Accel D i s p l a c e m e n t  ( 1 0 %  o f  Accel  A p e r t u r e ) ,  € I a v g  = 8 . 8  
+ F i g ,  1 0 .  D i g i t a l  Computer T r a j e c t o r y  C a l c u l a t i o n s  f o r  Hg 
P e r v e a n c e  = 1 . 6  x 1 0 - 9  A / V  3 / 2 .  
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Fig .  1 1 .  Mean Angular  Displacement  of  Ion Tra-  
j e c t o r i e s  due t o  T r a n s v e r s e  Di sp lacemen t .  
This  l a t t e r  f i g u r e  ag rees  c l o s e l y  w i th  t h e  work of  Lathem, 7 
who found an angu la r  d isplacement  of  9 . 2  degrees  f o r  an a c c e l  
d isplacement  o f  1 0 %  f o r  a  d i f f e r e n t  e l e c t r o d e  geometry. I n  
t h e  l a t t e r  s t u d y ,  it was concluded t h a t  d i r e c t  i n t e r c e p t i o n  
could be expected a t  an i o n  beam d e f l e c t i o n  a n g l e  o f  16 degrees .  
Fo r  a  s t r i p  geometry, a l l  t h e  above average ion  t r a j e c -  
t o r y  ang le s  can be  taken  a s  t h e  average t h r u s t  d e f l e c t i o n  
ang le ,  s i n c e  t o  f i r s t  o r d e r  each t r a j e c t o r y  l i n e  r e p r e s e n t s  
t h e  same amount o f  i o n  c u r r e n t .  However, when t h e s e  r e s u l t s  
a r e  t o  be  a p p l i e d  t o  h o l e  geometr ies ,  an i n t e g r a t i o n  must be  
performed which weights  t h e  o u t e r  beam t r a j e c t o r i e s  more be- 
cause  they c a r r y  more c u r r e n t .  I n  a d d i t i o n ,  f o r  t h e  ho le  
geometry t h e  amount o f  t r a n s v e r s e  displacement  v a r i e s  from a  
maximum va lue  t o  a  va lue  o f  ze ro ,  90  degrees  away i n  azimuth. 
The d e t a i l e d  c a l c u l a t i o n s  t a k i n g  i n t o  account  t h e s e  two f ac -  
t o r s  have been performed i n  Ref. 6 .  The r e s u l t s  a r e  sum- 
marized i n  Table 11. 
TABLE I 1  
CALCULATED AVERAGE DEFLECTION ANGLE AND MEAN THRUST DEFLECTION 
ANGLE FOR PLANAR AND A X I A L L Y  SYMMETRIC GEOMETRIES 
i dom i  n a l  
gS 
P e r v e a n c e  
- 9  A  5 - 6  x 1 0  - 
" 3 / 2  
1 , s  x 
T I 4 5  
T r a n s v e r s e  
P e r t u r b a t i o n  
o f  A c c e l  , mm 
0 . 1 8  
0 . 3 6  
0 . 1 8  
0 . 3 6  
4 
A x i  a1 S y m m e t r y  
Mean T h r u s t  
D e f l e c t i o n ,  
d e  g  
2 . 9  
5 . 8  
2 . 5  
5 . 0  
P l a n a r  S y m m e t r y  
A v e r a g e  
D e f l e c t i o n  
A n g l e ,  d e g  
4 . 1  
8 . 2  
4 . 5  
8 . 8  
Mean T h r u s t  
D e f l e c t i o n ,  
de  g  
4 . 1  
8 . 2  
4 . 5  
8 . 8  
When t h e  maximum d e f l e c t i o n  ang le s  found f o r  t h e s e  p l a n a r  
geometr ies  a r e  e x t r a p o l a t e d  t o  ho le  geomet r ies ,  t h e  $8 and 1 8  
degree  maximum d e f l e c t i o n  angles  become e q u i v a l e n t  t o  maximum 
mean t h r u s t  d e f l e c t i o n  ang le s  o f  $5.8  and $10 degrees  f o r  t h e  
analogous a x i a l  symmetry. 
While t h e s e  computations i n d i c a t e d  t h a t  t h i s  type  o f  sys-  
tem should b a r e l y  meet t h e  des ign  s p e c i f i c a t i o n s  o f  1 0  degrees  
d e f l e c t i o n ,  it was decided t o  c o n s t r u c t  such a  dev ice  t-o ex- 
pe r imen ta l ly  v e r i f y  t h e  computed p r e d i c t i o n s .  A s  shown i n  
Sec t ion  V-C t h e  t e s t  r e s u l t s  demonstrated t h a t  t h e  p r e d i c t i o n s  
were very conse rva t ive  and t h a t  t h r u s t  d e f l e c t i o n s  o f  g r e a t e r  
than 15 degrees  were p o s s i b l e .  
The mechanical des ign  o f  t h e  moving e l e c t r o d e  system 
cen te red  about  two a r e a s  - t h e  s e l e c t i o n  o f  an a c t u a t o r  t o  
provide t h e  f o r c e  necessary  t o  move t h e  e l e c t r o d e  and t h e  
des ign  of  a  suspension system which preserved  tlze i n t e r e l e c -  
t r o d e  spac ing  b u t  pe rmi t t ed  t r a n s v e r s e  motion o f  t h e  g r i d ,  
The t h r e e  most promising a c t u a t o r s  considered were b imeta l  
h e l i c a l  s p r i n g s ,  thermal ly  expanding c o i l  s p r i n g s ,  and an 
e lec t romagnet ic  pump which could be  used t o  expand a  f l u i d  
f i l l e d  bel lows.  A f t e r  p ro to type  t e s t s  o f  a l l  t h r e e  systems,  
it was found t h a t  t h e  thermal ly  a c t u a t e d  c o i l  s p r i n g  system 
was t h e  most promising.  
The b a s i c  des ign  concept i s  shown i n  F ig .  12 .  The sc reen  
e l e c t r o d e  i s  supported on f o u r  t h i n  f l e x i b l e  columns which 
a r e  s t r o n g  i n  t e n s i o n .  The s c r e e n  p o l e  p i e c e  suppor t s  t h e  
e l e c t r o d e  s o  t h a t  t h e  columns cannot be  compressed. This  
p rov ides  t h e  necessary  a x i a l  suppor t  wi thout  c o n s t r a i n i n g  
t h e  t r a n s v e r s e  f l e x i b i l i t y  . 
The e l e c t r o d e  i s  h e l d  i n  s t a t i c  equ i l i b r ium by p a i r s  of 
s t r e t c h e d  c o i l  s p r i n g s  whose axes  a r e  t r a n s v e r s e  t o  t h e  sup- 
p o r t i n g  columns. 
F i g .  1 2 .  D e s i g n  B a s i s  f o r  T h e r m a l l y  C o n t r o l l e d  S p r i n g  
A c t u a t o r .  
SPRING 
MINIMUM CLEARANCE 
(-0.012 cm ) 
THIN FLEXIBLE 
According t o  b a s i c  s p r i n g  equa t ions18  a t  equ i l i b r ium t h e  
r e l a t i o n  between d e f l e c t i o n  and load  f o r c e  i s  given by 
where 
P  = l oad  ( l b )  
f  = d e f l e c t i o n  ( i n . )  
d  = wire  diameter  ( i n . )  
D = mean diameter  of  c o i l  ( i n . )  
N = number of  a c t i v e  c o i l s  
G = s h e a r  modulus ( p s i ) .  
Rearranging eq.  ( 2 ) ,  t h e  s p r i n g  cons t an t  K can be  found 
Under a  c o n s t a n t  l o a d  P I  it may be shown t h a t  t h e  d e f l e c t i o n  
w i l l  change wi th  temperature  accord ing  t o  eq.  ( 4 ) .  
I n  t h e  a c t u a l  system t h i s  i d e a l i z e d  c a s e  i s  complicated 
by t h e  f a c t  t h a t  t h e  l oad  P i s  supp l i ed  by a  s p r i n g  and 
hence decreases  a s  t h e  l e n g t h  o f  t h e  s p r i n g  changes. I n  
a d d i t i o n ,  t h e  load  on t h e  hea ted  s p r i n g  i s  f u r t h e r  reduced 
by t h e  f o r c e  r equ i r ed  t o  bend t h e  suppor t  w i r e s .  The n e t  de- 
f l e c t i o n  i s  t h u s  l e s s  than  p r e d i c t e d  by eq.  ( 4 ) ,  b u t  i s  s t i l l  
adequate t o  p rov ide  t h e  necessary  e l e c t r o d e  motion. I t  may 
be shown t h a t  t h e  amount o f  d e f l e c t i o n  can be computed by 
eq. ( 5 ) .  
where 
A Q  = n e t  e l e c t r o d e  d e f l e c t i o n  ( i n . )  
a = c o e f f i c i e n t  o f  l i n e a r  expansion ( p e r  OC) 
AT = temperature  change ( O C )  
f  = i n i t i a l  s p r i n g  d e f l e c t i o n  ( i n . )  
0 
n  = number o f  suppor t  w i r e s  
K1 = s p r i n g  c o n s t a n t  o f  h e l i c a l  s p r i n g  ( l b / i n . )  
K 2  = s p r i n g  c o n s t a n t  o f  suppor t  w i r e  ( l b / i n . )  
I n  a c t u a l  ope ra t ion  t h e  s p r i n g  i s  heated d i r e c t l y  by 
pas s ing  c u r r e n t  through it. Tes t  r e s u l t s  o f  a  s p r i n g  element 
made of  ELGILOY coba l t -n i cke l  a l l o y  a r e  shown i n  F ig .  13.  
ELGILOY main ta ins  i t s  mechanical c h a r a c t e r i s t i c s ,  such a s  
t e n s i l e  s t r e n g t h ,  modulus o f  e l a s t i c i t y ,  and t o r s i o n a l  modu- 
l u s  up t o  6 0 0 ° C .  A t y p i c a l  d a t a  p o i n t  taken from F ig .  1 3  r e -  
s u l t e d  i n  a  d e f l e c t i o n  o f  2.2 rnrn f o r  a  temperature  change of  
2 0 0 ° C  under a  1 . 0  kG load  a t  a  power expendi ture  of  3.5 W i n  
a i r ,  230 suppor t  w i r e s  were p r e s e n t  du r ing  t h i s  t e s t .  The 
s p r i n g  can be  designed t o  f i t  a  p a r t i c u l a r  a p p l i c a t i o n  t o  
p rov ide  a  s p e c i f i c  d e f l e c t i o n  f o r  a  given load  and AT by 
vary ing  t h e  w i r e  d iameter ,  c o i l  s i z e ,  p r e load ,  and number o f  
turns according t o  eq.  ( 4 ) .  The e l e c t r i c a l  r e s i s t a n c e  of  t h e  
s p r i n g  can be  a d j u s t e d  by changing t h e  w i re  d iameter  and l e n g t h .  
Figure  1 4  i s  a  photograph o f  a  movable s c reen  e l e c t r o d e  
system whose des ign  i s  based on t h e  above concepts .  
C. VECTORABLE DISCHARGE CHAllBER SYSTEll 
This concept evolved from t h e  premise t h a t  it would be  
much e a s i e r  t o  gimbal t h e  r e l a t i v e l y  l i g h t  d i scharge  chamber 
and ion  e x t r a c t i o n  system, b u t  d i f f i c u l t  t o  suppor t  and 
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F i g .  1 3 .  S t r e n g t h  o f  E L G I L O Y  C o i l  S p r i n g s  a s  a F u n c -  
t i o n  o f  T e m p e r a t u r e .  
F i g .  1 4 .  
M o v a b l e  S c r e e n  E l e c t r o d e  
S y s t e m  ( D o w n s t r e a m  S i d e ) .  
p r e c i s e l y  c o n t r o l  t h e  heavy p r o p e l l a n t  s t o r a g e  t a n k .  S i n c e  
t h e  p r o p e l l a n t  f e e d  l i n e  which connec t s  t h e  two i s  a  t h i n  
f l e x i b l e  member, t h e  two p a r t s  o f  t h e  sys tem a r e  e s s e n t i a l l y  
mechanical ly  decoupled ,  t h u s  s i m p l i f y i n g  t h e  de s ign .  The ad- 
van tage  o f  such  a  sys tem i s  t h a t  t h e  t h r u s t e r  performance 
shou ld  b e  i n  no way p e r t u r b e d  from t h a t  o f  a  nonvec to r ab l e  
sys tem.  
An i n i t i a l  a t t emp t  was made t o  c o n s t r u c t  a  sys tem o f  t h i s  
d e s i g n  u s i n g  t h e  t h e r m a l l y  a c t u a t e d  c o i l  s p r i n g s  d e s c r i b e d  
above a s  a c t u a t o r s .  Even w i t h  s h o r t  moment arms a  r e l a t i v e l y  
long s p r i n g  t r a v e l  was r e q u i r e d  t o  p rov ide  t h e  n e c e s s a r y  1 0  
degree  d e f l e c t i o n .  Th i s  cou ld  n o t  b e  ach ieved  due t o  t h e  r e -  
duc t i on  i n  d r i v i n g  f o r c e  o f  t h e  opposing unheated  s p r i n g  a s  it 
reduced i n  l e n g t h  ( s e e  S e c t i o n  111-B). The de s ign  was suc-  
c e s s f u l l y  modi f i ed  t o  employ a  s p h e r i c a l  b e a r i n g  and a  vacuum 
q u a l i f i e d  s t e p p e r  motor and cam t o  p rov ide  t h e  nece s sa ry  mo- 
t i o n ,  Th i s  p rov ided  a  d i s c r e t e  r e p e a t a b l e  a r r a y  o f  d e f l e c t i o n  
a n g l e s .  
A f u n c t i o n a l  mockup i s  shown i n  F i g .  15.  
F i g .  1 5 .  V e c t o r a b l e  D i s c h a r g e  C h a m b e r  S y s t e m  
M o c k u p .  

SECTION IV 
TEST A N D  DATA PROCESSING F A C I L I T I E S  
Performance e v a l u a t i o n  of t h e  va r ious  i o n  o p t i c a l  systems 
r equ i r ed  d e t a i l e d  documentation o f  t h e  beam c u r r e n t  d e n s i t y  
over  an a r r a y  of  s e l e c t e d  p o i n t s  i n  a  s e r i e s  o f  p lanes  per-  
pend icu la r  t o  t h e  nominal beam a x i s .  This  r equ i r ed  t h e  des ign  
and c o n s t r u c t i o n  o f  a  movable Faraday cup prove whose p o s i t i o n  
could b e  c o n t r o l l e d  remotely from o u t s i d e  of t h e  chamber, It 
was a l s o  found necessary  t o  adapt  a  computerized d a t a  a n a l y s i s  
technique t o  p rocess  t h e  l a r g e  q u a n t i t i e s  o f  numerical  r e s u l t s  
genera ted  by an automated system o f  t h i s  type .  
A. VACUUM SYSTEM AND POWER C O N D I T I O N I N G  
A l l  t e s t s  were conducted i n  a  1 . 5  m d iameter  by 4,6 m 
long vacuum chamber equipped wi th  a  c y l i n d r i c a l  c r y o l i n e r  and 
a  wate r  cooled beam c o l l e c t o r  a s  i l l u s t r a t e d  i n  F ig .  1 6 .  The 
t h r u s t e r  i s  mounted from t h e  end b e l l  s o  t h a t  it i s  completely 
exposed t o  t h e  c r y o l i n e r  and t h e  beam i s  no t  ape r tu red  by any 
p o r t  o r  va lve .  A convent iona l  e l e c t r o n i c  t e s t  s e t u p  was used 
wi th  t h e  common p o i n t  of  t h e  p o s i t i v e  and nega t ive  high v o l t -  
age s u p p l i e s  and t h e  n e u t r a l i z e r  coupled t o  ground through 
Zener d iodes  t o  a s s u r e  a  n e u t r a l i z e r  emission equa l  t o  t h e  beam 
c u r r e n t  wi thout  p e r m i t t i n g  t h i s  common p o i n t  t o  f l o a t  t o  high 
vo l t age  i n  t h e  even t  of  n e u t r a l i z e r  f a i l u r e .  
The d e f l e c t i o n  supply used f o r  t h e  e l e c t r o s t a t i c  d e f l e c -  
t i o n  t e s t s  was e s p e c i a l l y  cons t ruc t ed  f o r  t h i s  program, I t  
c o n s i s t e d  of  f o u r  vo l t age  sources  ganged i n  p a i r s  t o  p rov ide  
d i f f e r e n t i a l  vo l t ages  i n  each o f  t h e  x- and y - d i r e c t i o n s ,  T h e  
c i r c u i t  and meter ing a r e  i l l u s t r a t e d  i n  F i g .  1 7 .  
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F i g .  1 6 .  S c h e m a t i c  o f  1 . 5  rn T e s t  F a c i l i t y .  
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F i g .  1 7 .  F u n c t i o n a l  D i a g r a m  o f  D e f l e c t i o n  P o w e r  
C o n d i t i o n i n g  U s e d  w i t h  E l e c t r o s t a t i c  
S y s  t e m s  . 
B, BEAM PROBE AND DATA ANALYSIS 
A r a t h e r  s o p h i s t i c a t e d  beam probe  shown i n  F i g .  18  was 
c o n s t r u c t e d  f o r  t h i s  program. The 65 c m  l o n g  p robe  which ap- 
p e a r s  a s  a  v e r t i c a l  rod  i n  F i g .  18  c o n t a i n s  35 i n d i v i d u a l  
Faraday cups behind 0.16 c m  d i ame te r  a p e r t u r e s .  ( I n  t h e  tes ts  
on ly  1 3  cups w e r e  used t o  reduce  t h e  d a t a  c o l l e c t i o n  t i m e . )  
The p robe  c a r r i e r  runs  on two t r a c k s  t h a t  a l l ow  it t o  b e  po- 
s i t i o n e d  i n  t h e  Z ( p a r a l l e l  t o  t h e  chamber c e n t e r l i n e )  and 
X ( h o r i z o n t a l  and p e r p e n d i c u l a r  t o  chamber c e n t e r l i n e )  d i -  
r e c t i o n s  by two p u l s e  d r i v e n  s t e p p e r  motors a c t u a t e d  from 
o u t s i d e  t h e  t a n k .  Thus, t h e  beam i n t e n s i t y  may b e  sampled 
w i t h i n  t h e  volume downstream o f  t h e  t h r u s t e r  o v e r  t h e  range  
o f  X = + 33.4 cm, Y = + 30.5 cm, and z  = 3.2 t o  64.8 cm from 
t h e  a c c e l e r a t o r  e l e c t r o d e .  
C i r c u i t r y  was p rov ided  t o  a u t o m a t i c a l l y  s t e p  t h e  p robe  
c a r r i e r  i n  t h e  X and Z d i r e c t i o n s .  A d a t a  a c q u i s i t i o n  
sys tem,  shown s c h e m a t i c a l l y  i n  F i g .  1 9 ,  was used t o  measure 
t h e  magnitude o f  t h e  beam c u r r e n t  samples c o l l e c t e d  i n  t h e  
p robe  cups and a u t o m a t i c a l l y  r e c o r d  t h i s  i n fo rma t ion  on 
punched t a p e  which cou ld  b e  t h e n  f e d  d i r e c t l y  i n t o  t h e  com- 
p u t e r  f o r  a n a l y s i s .  I n  o p e r a t i o n  a  t y p i c a l  scan  c o n s i s t e d  o f  
s e t t i n g  t h e  p robe  c a r r i a g e  a t  t h e  d e s i r e d  Z d i s t a n c e  and 
t hen  scann ing  each  o f  1 3  Faraday cups a t  1 3  p r e s e l e c t e d  
e q u a l l y  spaced p o s i t i o n s  i n  t h e  X d i r e c t i o n .  Such a  s can  
took approx imate ly  6-1/2 min t o  perform.  
The a n a l y s i s  o f  t h e  d a t a  c o n s i s t e d  o f  u s i n g  t h e  computer 
t o  f i t  a  th ree -d imens iona l  s u r f a c e  t o  t h e  beam i n t e n s i t y  mea- 
surements  t aken  i n  a  p a r t i c u l a r  p l a n e .  The computer c a l cu -  
l a t e s  t h e  x  and y  p o s i t i o n  o f  t h e  c e n t r o i d  o f  t h e  volume de- 
f i n e d  by t h i s  s u r f a c e ,  t h e  magnitude o f  the t o t a l  c u r r e n t  
r e p r e s e n t e d  by t h e  s u r f a c e  and t h e  l o c a t i o n  o f  t h e  cu rve s  o f  
F i g .  18 .  Beam Vec to r  Probe and Data A c q u i s i t i o n  
Equipment .  
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F i g .  1 9 .  F u n c t i o n a l  D i a g r a m  o f  D a t a  P r o c e s s i n g  
Sys te rn .  
equa l  c u r r e n t  i n t e n s i t y  ove r  t h e  s u r f a c e .  These l a t t e r  con- 
t o u r s  can be  au toma t i ca l ly  p l o t t e d  by t h e  computer u s ing  a  
Calcomp p l o t t e r ,  a s  shown i n  F ig .  2 0 .  Th is  was done p e r i o d i -  
c a l l y  t o  check t h e  beam shape,  b u t  t oo  much time was needed 
(approximately 2 0  min/plot)  t o  do each o f  t h e  more than  4 0 0  
scans  taken du r ing  t h i s  program. 
Although somewhat l a b o r i o u s  t o  c o n s t r u c t  and debug, this 
automated d a t a  c o l l e c t i o n  and p roces s ing  system proved of 
cons ide rab le  va lue  i n  exped ien t ly  completing t h e  performance 
mapping of  t h e  va r ious  d e f l e c t i o n  systems.  
M O V A B L E  S C R E E N  E L E C T R O D E  S Y S T E M  
F i g .  20 .  T y p i c a l  Beam I n t e n s i t y  Con tou r s  Showing Normal and 
D e f l e c t e d  Beams. 
S E C T I O N  V 
E X P E R I M E N T A L  C O M P A R I S O N  O F  S Y S T E M  PERFORMANCE 
The statemen& o f  work p l a c e s  t h e  fo l lowing  boundary con- 
d i t i o n s  on t h e  o p e r a t i n g  p o i n t :  
o Net a c c e l e r a t i n g  vo l t age :  500 t o  2000 V 
0 Tota l  a c c e l e r a t i n g  vo l t age :  6 0 0  t o  3000 V 
0 Thrus t :  0.25 t o  1 . 0  mlb 
0 P r o p e l l a n t  u t i l i z a t i o n  e f f i c i e n c y :  6 0  t o  80%. 
These boundar ies  a r e  d i sp l ayed  g r a p h i c a l l y  i n  F ig .  2 1 .  Here 
we have assumed an acce l -dece l  r a t i o  o f  2 a l though t h i s  i s  i n  
r e a l i t y  a l s o  a  v a r i a b l e .  
An a d d i t i o n a l  f a c t o r  t h a t  a f f e c t s  t h e  amount o f  c u r r e n t  
? 
t h a t  may be e x t r a c t e d  a t  a  given t o t a l  vo l t age  i s  t h e  beam 
c u r r e n t  d e n s i t y  p r o f i l e  which i s  governed by t h e  plasma d e n s i t y  
i n  t h e  d i scha rge  chamber. The un i formi ty  o f  t h i s  plasma d e n s i t y  
a c r o s s  t h e  d i scha rge  chamber d iameter  a l s o  a f f e c t s  t h e  d i r e c t  
i o n  impingement on t h e  a c c e l e r a t o r  a s  a  func t ion  o f  d e f l e c t i o n  
ang le .  This i s  due t o  t h e  imper fec t ly  focused c ros sove r  t r a -  
j e c t o r i e s  nea r  t h e  pe r iphe ry  o f  t h e  beam where t h e  c u r r e n t  
d e n s i t y  i s  low and t h e  poor ly  converged t r a j e c t o r i e s  a t  t h e  
c e n t r a l  a p e r t u r e s  where t h e  c u r r e n t  d e n s i t y  i s  h i g h e s t .  C l e a r l y  
a  p e r f e c t l y  f l a t  plasma p r o f i l e  would permit  an "optimum" t o t a l  
e x t r a c t i o n  vo l t age  which would focus  a l l  beamless e q u a l l y  w e l l ,  
I t  i s  n o t  p o s s i b l e  t o  compensate f o r  t h e  nonuniformity of  t h e  
plasma by a d j u s t i n g  t h e  a p e r t u r e  d iameters  because of  cons t ruc-  
t i o n  d i f f i c u l t i e s  i n  t h e  "eggcra te"  des ign .  Nei ther  i s  it 
p r a c t i c a l  i n  t h e  moving sc reen  e l e c t r o d e  system because t h e  
d e f l e c t i o n  angle  depends on t h e  d i s t a n c e  t h a t  t h e  e l e c t r o d e  
i s  d i s p l a c e d  expressed a s  a  f r a c t i o n  o f  t h e  s c reen  a p e r t u r e  
diameter  and would thus  be  d i f f e r e n t  f o r  each a p e r t u r e  s i z e ,  
F i g .  21 .  C o n t r a c t u a l l y  S p e c i f i e d  Design and O p e r a t i n g  
L i m i t s  f o r  5 cm T h r u s t e r .  
The exper imental  procedure  used was t o  e s t a b l i s h  a  neu- 
t r a l i z e d  beam c u r r e n t  i n  t h e  range from 25 t o  30  rnA and t o  
measure t h e  a c c e l e r a t o r  c u r r e n t  a s  a  func t ion  o f  t o t a l  ex- 
t r a c t i o n  vo l t age  (V+ + . This  curve g e n e r a l l y  had t h e  
form of  a  broad minimum, such a s  shown i n  F ig .  2 2 ,  because of 
t h e  summation of  t h e  d i r e c t  i n t e r c e p t i o n  c u r r e n t s  from under- 
focused t r a j e c t o r i e s  nea r  t h e  c e n t e r  o f  t h e  beam, which occur  
a t  t h e  lower v o l t a g e s ,  and t h e  c rossover  t r a j e c t o r i e s  nea r  
t h e  edge of  t h e  beam, which occur  a t  t h e  h igher  v o l t a g e s .  A 
t h i r d  d r a i n  c u r r e n t  component i s ,  o f  cou r se ,  c r e a t e d  by charge 
exchange i o n s .  A t o t a l  v o l t a g e  n e a r  t h e  upper pe rmis s ib l e  
l i m i t  was u sua l ly  chosen s o  a s  t o  minimize t h e  diameter  of  
t h e  beamlets n e a r  t h e  c e n t e r  of  t h e  t h r u s t e r .  The r e l a t i v e l y  
high t o t a l  vo l t age  was a l s o  r equ i r ed  when e l e c t r o s t a t i c a l l y  
d e f l e c t i n g  because t h e  d e f l e c t i n g  vo l t age  ( V  ) was app l i ed  d  
a c r o s s  t h e  a p e r t u r e s  s o  t h a t  one d e f l e c t i n g  e l e c t r o d e  bad t h e  
p o t e n t i a l  V - + (Vd/2) and t h e  o t h e r  V - - (Vd/2). The sma l l e r  
o f  t h e s e  two must s t i l l  prov ide  s u f f i c i e n t  vo l t age  t o  s t a y  t o  
t h e  r i g h t  of  t h e  perveance l i n e .  
Once t h e  o p e r a t i n g  p o i n t  was e s t a b l i s h e d ,  a  s e r i e s  o f  
d e f l e c t i n g  vo l t ages  were a p p l i e d  and beam probe scans  taken 
t o  a c c u r a t e l y  e s t a b l i s h  t h e  d e f l e c t i o n  ang le .  P r o f i l e s  were 
measured a t  s e v e r a l  a x i a l  d i s t a n c e s  t o  remove any ambiguity 
which might a r i s e  a s  a  r e s u l t  of  i n i t i a l  misalignment of  t h e  
t h r u s t e r .  
A. ELECTROSTATIC DUAL G R I D  SYSTEMS 
Four c o n f i g u r a t i o n s  of  e l e c t r o s t a t i c  d u a l  g r i d  d e f l e c -  
t i o n  systems were t e s t e d .  One system inc luded  alumina spac ing  
s t r i p s  brazed between t h e  d e f l e c t i o n  e l e c t r o d e s .  The o t h e r  
F i g .  2 2 .  C o n s t i t u e n t s  o f  A c c e l e r a t o r  C u r r e n t  a s  a  F u n c t i o n  
o f  T o t a l  V o l t a g e .  
t h r e e  systems were assembled wi th  ceramic spac ing  d i s k s  a t  t h e  
ends of  t h e  e l e c t r o d e s  o u t s i d e  t h e  a c t i v e  beam reg ion .  The 
l a t t e r  t h r e e  systems d i f f e r e d  i n  a c c e l  e l e c t r o d e  dimensions 
and shape and g r i d  spac ing .  The f o u r  systems a r e  i d e n t i f i e d  
and desc r ibed  i n  Table 111. 
1. System A (wi th  I n t e r e l e c t r o d e  I n s u l a t o r s )  
Although cons ide rab le  e f f o r t  was expended i n  t h e  des ign  
of t h e  e l e c t r o d e s  t o  s p u t t e r  s h i e l d  t h e  exposed s u r f a c e s  o f  
t h e  ceramic s t r i p s ,  t h e  u s e f u l  l i f e t i m e  of  t h i s  system was 
only  two hours due t o  t h e  accumulation o f  s p u t t e r e d  m a t e r i a l  
on t h e  i n t e r e l e c t r o d e  i n s u l a t o r s .  The system was t e s t e d ,  
d isassembled,  c leaned ,  and r e t e s t e d  wi th  s i m i l a r  r e s u l t s .  
The d e f l e c t i o n  r e s u l t s  ob t a ined  du r ing  t h i s  t ime a r e  p resen ted  
i n  Table 111. 
A number o f  s o l u t i o n s  t o  t h e  problem o f  i n t e r e l e c t r o d e  
i n s u l a t o r  s h o r t i n g  were proposed and t r i e d .  The b e s t  s o l u t i o n  
w a s  t o  remove t h e  i n s u l a t i n g  s t r i p s  from t h e  eggc ra t e  s t r u c -  
t u r e  e n t i r e l y  and suppor t  t h e  metal  e l e c t r o d e s  on ly  from t h e  
ends.  Thus, Systems B ,  C ,  and D were b u i l t  wi thout  t h e  ceramic 
i n t e r e l e c t r o d e  i n s u l a t i n g  s l a b s .  
2 .  Systems B ,  C ,  and D (No I n t e r e l e c t r o d e  I n s u l a t o r s )  
A s  shown i n  Table 111, t h e  d i f f e r e n c e s  between systems 
B ,  C ,  and D a r e  i n  t h e  dimensions and shape o f  t h e  a c c e l  
e l e c t r o d e  and t h e  spac ing  between sc reen  and a c c e l  g r i d .  System 
B was assembled from p a r t s  which were on hand when t h e  d e c i s i o n  
was made t o  e l i m i n a t e  t h e  i n t e r e l e c t r o d e  i n s u l a t i n g  s t r i p s .  Tes t -  
i n g  o f  t h i s  system wi thou t  any i n t e r e l e c t r o d e  s h o r t i n g  demon- 
s t r a t e d  t h a t  t h e  eggc ra t e  s t r u c t u r e  w i th  t h e  e l e c t r o d e s  sup- 
po r t ed  on ly  a t  t h e  ends was s t r u c t u r a l l y  sound. Both t h e  d i -  
r e c t  i n t e r c e p t i o n  and d e f l e c t i o n  s e n s i t i v i t y  o f  t h i s  s y s t e n  
were high ( s e e  Table 111), because of t h e  high L/D r a t i o .  
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A f t e r  2 4  hours  o f  t e s t i n g  t h e r e  was s i g n i f i c a n t  e r o s i o n  
o f  t h e  a c c e l  e l e c t r o d e s .  Some o f  t h e  s t r i p s  had notches  c u t  
i n t o  them ex tending  up t o  approximately 2 5 %  o f  t h e  e l e c t r o d e  
width  of  0 . 4 4 5  cm. 
The second system wi thou t  i n s u l a t i n g  s t r i p s  (System C) 
was made wi th  t h e  same s i z e  and shape e l e c t r o d e s  a s  System A ,  
The s h o r t e r  d e f l e c t i o n  l e n g t h  of  t h e s e  e l e c t r o d e s  reduced t h e  
e r o s i o n  and a c c e l  c u r r e n t .  However, t h e s e  e l e c t r o d e s  s t i l l  
had t h e  L shape i n i t i a l l y  in t roduced  t o  prov ide  s p u t t e r  s l ~ i e l d -  
i n g  of  t h e  i n s u l a t i n g  s t r i p s  between t h e  e l e c t r o d e s .  Most o f  
t h e  e r o s i o n  occur red  on t h e  edge o f  t h e  downstream s p u t t e r  
s h i e l d  which was pe rpend icu la r  t o  t h e  beam ( s e e  F ig .  2 3 ) .  
The d e f l e c t i o n  s e n s i t i v i t y  was s i m i l a r  t o  tile l i m i t e d  r e s u l t s  
ob t a ined  wi th  System A. 
I I / - DOWNSTREAM \ I' SPUTTER SHIELD \ 
\ I I ACCEL ELECTRODE 
I 
' L  \ 
I a 
1 \ UPSTREAM 
/ \ SPUTTER SHIELD 
\ 
SCREEN 
F i g .  2 3 .  C r o s s - S e c t i o n  o f  D u a l  Grid 
E l e c t r o s t a t i c  A p e r t u r e .  
The f i n a l  e l e c t r o s t a t i c  dua l  g r i d  system t e s t e d  (System 
3 )  was made w i t h  s t r a i g h t  e l e c t r o d e s  t h a t  had a  s t i f f e n i n g  
r i b  formed a long  t h e  l e n g t h  of  t h e  e l e c t r o d e  ( s e e  F ig .  5 ) .  
Tes t s  w i th  t h i s  sys tem r e s u l t e d  i n  s l i g h t l y  h i g h e r  d e f l e c t i o n  
s e n s i t i v i t y  and s l i g h t l y  lower a c c e l  c u r r e n t  than exper ienced 
wi th  t h e  System C. 
The t e s t  parameters  of  i n t e r e s t  f o r  t h e  d u a l  g r i d  e l e c -  
t r o s t a t i c  d e f l e c t i o n  systems were: 
@ Def lec t ion  s e n s i t i v i t y  a s  a  func t ion  o f  e l e c t r o d e  
dimensions 
(b Def lec t ion  s e n s i t i v i t y  a s  a  func t ion  o f  t o t a l  
a c c e l e r a t i n g  vo l t age  and beam c u r r e n t  
@ Maximum d e f l e c t i o n  angle  a s  de f ined  by e i t h e r  
d i r e c t i o n  i n t e r c e p t i o n  o r  i n t e r e l e c t r o d e  c u r r e n t .  
The d e f l e c t i o n  s e n s i t i v i t y  o f  t h e  f o u r  systems t e s t e d  i s  
p re sen ted  i n  Table I11 and F i g .  24. Using t h e  s lopes  of  t h e  
l i n e s  i n  Fig.  24, t h e  va lues  f o r  keff  i n  eq.  (1) ( r e f .  Sec t ion  
121-A) a r e  found t o  be  0.80,  0.64, and 0.80 f o r  Systems B, C, 
and D, r e s p e c t i v e l y ,  t hus  i n d i c a t i n g  t h a t  t h i s  equa t ion  accu ra t e -  
l y  accounts  f o r  v a r i a t i o n s  i n  L/D over  a t  l e a s t  t h e  f a c t o r  of  
two r ep re sen ted  by Systems B and D .  The somewhat anomalous 
r e s u l t s  f o r  System C ( l a r g e r  L/D than  system D, b u t  lower 
s e n s i t i v i t y )  i s  a t t r i b u t e d  t o  t h e  L  shape o f  t h e  e l e c t r o d e s .  
With t h i s  shape e l e c t r o d e ,  t h e  s e c t i o n s  pe rpend icu la r  t o  t h e  
beam ( s e e  F ig .  23) i n t roduce  a  c o u n t e r a c t i n g  p o t e n t i a l  i n t o  
t h e  a d j a c e n t  d e f l e c t i o n  reg ion .  The e f f e c t i v e  L d i s t a n c e  i s  
thus l e s s  than t h e  p h y s i c a l  l e n g t h  o f  t h e  e l e c t r o d e .  For 
comparison purposes F ig .  2 4  shows t h e  + X a x i s  d e f l e c t i o n  r e -  
s u l t s  f o r  t h e  f o u r  systems t e s t e d .  The s i n g l e  d a t a  p o i n t  f o r  
System A w a s  ob t a ined  under h igh  i n t e r e l e c t r o d e  c u r r e n t  con- 
d i t i o n s  us ing  b a t t e r i e s  i n s t e a d  o f  t h e  d e f l e c t i o n  power supply.  
F i g .  2 4 .  D e f l e c t i o n  Angle Versus D e f l e c t i o n  
Vol tage  f o r  Dual Gr id  Sys tems.  
The e f f e c t  of t o t a l  v o l t a g e  and v a r i a t i o n s  i n  beam cur -  
r e n t  were examined by mapping System C ove r  t h e  range o f  V T 
(2-0, 2 . 5 ,  and 3 . 0  kV) and beam c u r r e n t  ( 2 0 ,  2 5 ,  and 30 mA) 
shown i n  F ig .  2 5 .  The e f f e c t  on d e f l e c t i o n  s e n s i t i v i t y  due 
t o  changing t h e  t o t a l  vo l t age  i s  shown i n  F ig .  2 6 .  The de- 
f l e c t i o n  s e n s i t i v i t y  o f  System D a t  two d i f f e r e n t  t o t a l  v o l t -  
ages i s  a l s o  shown i n  F ig .  2 6 .  Good agreement wi th  t h e  va lues  
p r e d i c t e d  by eq .  (1) a r e  found us ing  t h e  va lues  o f  kef f  ca l cu -  
l a t e d  from F ig .  2 4 .  
DEFLECTION ANGLES FOR VARIOUS 
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F i s .  2 5 .  D e f l e c t i o n  A n g l e  v e r s u s  D e f l e c t i o n  V o l t a g e  f o r  
2 0  t o  3 0  nA B e a m s .  
The r e s u l t s  o f  vary ing  t h e  beam c u r r e n t  a r e  shown i n  
Fig .  25. A t  a  t o t a l  v o l t a g e  of 2.5 kV t h e  d e f l e c t i o n  r e s u l t s  
were t h e  same f o r  a l l  t h r e e  beam c u r r e n t  l e v e l s .  A t  a  t o t a l  
v o l t a g e  o f  3.0 kV a  i 3 %  spread  i n  d e f l e c t i o n  angle  was mea- 
s u r e d  f o r  t h e  t h r e e  beam c u r r e n t s  a t  two d i f f e r e n t  d e f l e c t i o n  
vo l t ages .  
One v a r i a t i o n  i n  d e f l e c t i o n  s e n s i t i v i t y  was observed t h a t  
had n o t  been p r e d i c t e d .  I t  was d i scovered  t h a t  t h e  s e n s i t i v i t y  
was n o t  t h e  same f o r  bo th  axes .  For i n s t a n c e ,  t h e  average 
s e n s i t i v i t i e s  f o r  t h r e e  days o f  t e s t i n g  of  System D ( a t  2 . 4  kV) 
were 0.015 deg/V i n  t h e  X a x i s  and 0 . 0 1 1  deg/V i n  t h e  Y a x i s ,  The 
d e f l e c t i o n  r e s u l t s  shown i n  F ig .  27 i l l u s t r a t e  t h i s  d i f f e r e n c e ,  
A p o s s i b l e  exp lana t ion  o f  t h i s  i s  t h e  p h y s i c a l  asymmetry of  
t h e  l o c a t i o n  o f  t h e  notches  i n  t h e  e l e c t r o d e s  r e q u i r e d  t o  per-  
m i t  assembly o f  t h e  eggc ra t e  s t r u c t u r e .  A l l  o f  t h e  i n d i v i d u a l  
s t r i p s  l y i n g  i n  t h e  same d i r e c t i o n  must have t h e  notches  f a c i n g  
t h e  same way ( s e e  F ig .  5 ) .  Therefore ,  a l l  o f  t h e  e l e c t r o d e s  
t h a t  cause d e f l e c t i o n  a long  a  given a x i s  must e i t h e r  have t h e  
notches  i n  t h e  upstream o r  downstream edge o f  t h e  e l e c t r o d e s ,  
The edge of  t h e  e l e c t r o d e s  w i th  t h e  notches  would be  expected 
t o  reduce t h e  d e f l e c t i o n  when i n  t h e  upstream p o s i t i o n .  System 
D w a s  mounted on t h e  t h r u s t e r  w i th  t h e  notches  on t h e  upstream 
s i d e  o f  t h e  Y a x i s  d e f l e c t i o n  e l e c t r o d e s .  
The r e l a t i o n  between a c c e l e r a t o r  c u r r e n t  and d e f l e c t i o n  
angle  i s  p re sen ted  i n  F ig .  28 which shows d a t a  f o r  System D 
a t  two d i f f e r e n t  o p e r a t i n g  p o i n t s ,  p l u s  some d a t a  ob ta ined  on 
a  s i m i l a r  system a t  LeRC. The i n t e r e s t i n g  f e a t u r e s  o f  t h e  
d a t a  p re sen ted  i n  F ig .  28 a r e  t h a t  a t  t h e  lower l e v e l  o f  t o t a l  
vo l t age  and beam c u r r e n t ,  t h e  IA ve r sus  d e f l e c t i o n  ang le  curve 
e x h i b i t s  t h e  expected behavior ;  i n c r e a s i n g  a c c e l  c u r r e n t  with 
i n c r e a s i n g  d e f l e c t i o n  angle .  However, a t  t h e  h igher  t o t a b  
vo l t age  and h i g h e r  beam c u r r e n t  o p e r a t i n g  p o i n t ,  t h e  a c c e l  
@ EXPERIMENTAL 
A CALCULATED FROM Keff 
1.0 2 .o 
TOTAL VOLTAGE , K V  
F i g .  2 6 .  D e f l  e c t i o n  S e n s i  t i  v i  t y  V e r s u s  T o t a l  V o l  t a g e .  
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F i g .  28. A c c e l e r a t o r  C u r r e n t  v e r s u s  D e f l e c t i o n  
Angle f o r  Dual Grid E l e c t r o s t a t i c  
Sys  ten]. 
c u r r e n t  does n o t  i n c r e a s e  wi th  i n c r e a s i n g  d e f l e c t i o n  angle  
and,  i n  f a c t ,  a t  t h e  h ighe r  ang le s  t h e  a c c e l  c u r r e n t  appears  
t o  decrease .  E s t a b l i s h i n g  t h e  t r u e  r e l a t i o n s h i p  between a c c e l  
c u r r e n t  and d e f l e c t i o n  a n g l e  was complicated by t h e  f a c t  t h a t  
a s  t h e  d e f l e c t i o n  angle  was i n c r e a s e d ,  t h e  beam c u r r e n t  would 
tend t o  dec rease .  The beam c u r r e n t  was he ld  cons t an t  by i n -  
c r e a s i n g  t h e  d i scha rge  v o l t a g e  which should i n c r e a s e  t h e  mass 
u t i l i z a t i o n  and plasma c u r r e n t  d e n s i t y .  One observable  e f f e c t  
of  i n c r e a s i n g  t h e  d i scharge  vo l t age  was a  dec rease  i n  a c c e l  
c u r r e n t .  Thus, smal l  i n c r e a s e s  i n  a c c e l  c u r r e n t  due t o  beam 
d e f l e c t i o n  could b e  o f f s e t  by dec reases  caused when t h e  d i s -  
charge vo l t age  was r a i s e d .  For  t h e  d a t a  shown i n  F i g .  2 8 ,  
t h e  d i scha rge  vo l t age  and c u r r e n t  v a r i e d  from 36.5 V ,  0,34 A 
t o  37.5 V ,  0.345A when o p e r a t i n g  a t  an IB of  25 mA and from 
36 V, 0.42 A t o  40 V ,  0.45 A when o p e r a t i n g  a t  an IB of  3 0  mA, 
Due t o  t h e  maximum d i f f e r e n t i a l  vo l t age  a v a i l a b l e  from 
t h e  d e f l e c t i o n  supply (700 V )  t h e  d e f l e c t i o n  angles  o b t a i n a b l e  
w i th  System D were l i m i t e d  t o  t h e  va lues  shown i n  F ig .  2 8 ,  
However, t h e s e  r e s u l t s  demonstra te  t h a t  System D can ope ra t e  
a t  30 rnA IB and s a t i s f y  t h e  des ign  o b j e c t i v e  o f  1 0  degrees  
d e f l e c t i o n  wi thou t  any s i g n i f i c a n t  i n c r e a s e  i n  a c c e l  c u r r e n t ,  
Constant  c u r r e n t  d e n s i t y  contours  f o r  Systems C and D 
a r e  shown i n  F igs .  29 through 32. The almost  oc tagona l  shape 
o f  t h e  undef lec ted  contours  f o r  bo th  t h e s e  systems i s  a r e -  
f l e c t i o n  of  t h e  s c reen  e l e c t r o d e  h o l e  a r r a y .  I n  t h e  e l e c t r o -  
s t a t i c  system, t h e  s c r e e n  e l e c t r o d e  h o l e  p a t t e r n  i s  square  
i n s t e a d  of  t h e  more convent ional  hexagonal p a t t e r n  normally 
used t o  maximize t h e  open a r e a .  The ho le  a r r a y  i s  a c t u a l l y  
oc tagona l  because t h e  co rne r  h o l e s  a r e  e l imina t ed  t o  match 
t h e  c i r c u l a r  po l e  p i e c e .  This  e f f e c t  was made even more pro- 
nounced i n  System D by b lock ing  o f f  an a d d i t i o n a l  two ho le s  
a t  each co rne r  which had been p a r t i a l l y  obscured by t h e  po le  
p i e c e .  Figure  2 9  shows bo th  X and Y d e f l e c t i o n  contours  f o r  
System C .  F i g u r e  3 0  compares u n d e f l e c t e d  and e q u a l  a n g l e  X 
a x i s  d e f l e c t i o n  c o n t o u r s  f o r  Systems C and D .  The s c a n s  f o r  
System C were made w i t h o u t  a  n e u t r a l i z e r ;  t h o s e  f o r  System D 
were made w i t h  t h e  plasma b r i d g e  n e u t r a l i z e r  o p e r a t i n g .  F i g u r e  
31 p r e s e n t s  c o n t o u r s  f o r  System D a t  t h r e e  d i f f e r e n t  d e f l e c -  
t i o n s  a l o n g  tl ie X a x i s .  F i g u r e  3 2  shows t h e  c o n t o u r s  t h a t  re- 
s u l t e d  when e q u a l  magnitude d e f l e c t i o n  v o l t a g e s  were a p p l i e d  
i n  t h e  p l u s  and minus d i r e c t i o n s  o f  t h e  X and Y a x e s  o f  
System D .  The d i s t o r t i o n s  e v i d e n t  i n  F i g .  3 2  when d e f l e c t i n g  
i n  t h e  +X and -Y d i r e c t i o n s  a r e  b e l i e v e d  due t o  t h e  p r e s e n c e  
of  t h e  n e u t r a l i z e r  i n  t h e  lower  r i g h t  c o r n e r .  
F i g .  2 9 .  Beam P r o f i l e s  f o r  Dua l  G r i d  E l e c t r o s t a t i c  S y s t e r ; :  C 
u n d e r  S e v e r a l  O p e r a t i n g  C o n d i t i o n s .  
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F i g .  3 0 .  Beam P r o f i l e s  f o r  D u a l  G r i d  E l e c t r o s t a t i c  S y s t e m s  
u n d e r  S e v e r a l  O p e r a t i n g  C o n d i t i o n s .  
F i g .  31 .  Bean1 P r o f i l e s  f o r  Dual Gr id  E l e c t r o s t a t i c  
Sys tem D u n d e r  S e v e r a l  O p e r a t i n g  
C o n d i t i o n s .  
F i g .  3 2 .  Bean1 P r o f i l e s  f o r  D u a l  G r i d  E l e c t r o s t a t i c  
S y s t e m  D u n d e r  S e v e r a l  O p e r a t i n g  
C o n d i t i o n s .  
B, ELECTROSTATIC SINGLE G R I D  SYSTEM 
Tes t ing  of  t h e  s i n g l e  g r i d  system was o f  on ly  l i m i t e d  
d u r a t i o n  because of  u n s a t i s f a c t o r y  performance. The a c c e l  
c u r r e n t  t o  beam c u r r e n t  r a t i o  was h igh  ( >  0 . 4 )  throughout  
t h e  t e s t .  I t  was n o t  p o s s i b l e  t o  e s t a b l i s h  a  cond i t i on  o f  
l o w  a c c e l  c u r r e n t .  The behavior  of  t h e  t h r u s t e r  seemed t o  
i n d i c a t e  t h a t  t h e  i n s u l a t i n g  s u r f a c e  o f  t h e  aluminum ox ide  
c o a t i n g  was no t  a c t i n g  a s  a  s c r e e n  g r i d .  No d e f l e c t i o n  d a t a  
were ob ta ined  because of  t h e  poor t h r u s t e r  performance. S ince  
good d e f l e c t i o n  r e s u l t s  had been ob ta ined  wi th  both  t h e  mov- 
able screen  e l e c t r o d e  and dua l  g r i d  e l e c t r o s t a t i c  sys tems,  
f u r t h e r  e f f o r t  was no t  expended on t h e  s i n g l e  g r i d  e l e c t r o -  
s t a t i c  system. 
C, MOVABLE SCREEN (APERTURE MISALIGNMENT SYSTEM) 
Seve ra l  mechanical c o n f i g u r a t i o n s  o f  t h i s  type  of  system 
were cons t ruc t ed  and t e s t e d  i n  o r d e r  t o  achieve t h e  d e s i r e d  . 
performance i n  terms o f :  
e maximum d e f l e c t i o n  ang le  
a amount o f  e l e c t r o d e  motion 
m power r e q u i r e d  t o  o b t a i n  t h e  s p e c i f i c  d e f l e c t i o n  
@J r e p e a t a b i l i t y  
(B response  t ime 
A l l  gave e s s e n t i a l l y  t h e  same performance i n  terms of  d e f l e c -  
t i o n  of t h e  t h r u s t  v e c t o r  f o r  a  p a r t i c u l a r  e l e c t r o d e  motion. 
Only t h e  f i n a l  con f igu ra t ion  which was f u l l y  e x e r c i s e d  i s  
r epo r t ed  he re .  This u n i t  had t h e  dimensions shown i n  Table I V .  
T A B L E  IV 
M O V A B L E  S C R E E N  E L E C T R O D E  C H A R A C T E R I S T I C S  
Thickness ,  cm 
Aperture c e n t e r - t o - c e n t e r  0 . 2 9  
spac ing ,  cm 
I n t e r e l e c t r o d e  spac ing ,  cm 0.115 
The e l e c t r o d e  motion was measured by a t t a c h i n g  t h e  probe 
of a  displacement  t r ansduce r  t o  t h e  sc reen  e l e c t r o d e .  The 
response time and r e p e a t a b i l i t y  o f  s c r een  e l e c t r o d e  motion 
when d e f l e c t i n g  and when r e t u r n i n g  t o  zero were determined by 
moni tor ing t h e  o u t p u t  o f  t h i s  t ransducer .  The r e p e a t a b i l i t y  
was a l s o  confirmed by comparing t h e  l o c a t i o n s  o f  t h e  beam 
c e n t r o i d  a s  determined from t h e  scanning beam probe measure- 
ments. 
The movable e l e c t r o d e  system was t e s t e d  f o r  a  t o t a l  of  
32 hours be fo re  d e l i v e r y  t o  NASA LeRc. The maximum d e f l e c t i o n  
ang le  measured w a s  g r e a t e r  t han  2 1  degrees .  The des ign  goal 
of  1 0  degrees  was achieved wi th  a  d e f l e c t i o n  power o f  1.1 W, 
(See Fig .  33. )  The r e l a t i o n s h i p  between v e r t i c a l  d e f l e c t i o n  
angle  and sc reen  t r a n s l a t i o n  i s  a l s o  shown i n  F ig .  33. (Screen 
motion was n o t  measured i n  t h e  h o r i z o n t a l  a x i s  because t h e  
weight of  t h e  t r a n s d u c e r  probe would have in t roduced  a r o t a -  
t i o n a l  f o r c e  on t h e  s c reen  e l e c t r o d e . )  With t h e  t h r u s t e r  
o p e r a t i n g  a t  25 rnA beam c u r r e n t  and a  t o t a l  vo l t age  o f  2 kV t h e  
a c c e l  c u r r e n t  remained l e s s  than 1 0 0  PA ( 0 . 4 %  d r a i n s )  u n t i l  t h e  
d e f l e c t i o n  ang le  exceeded 1 0  degrees .  Accel c u r r e n t  ve r sus  de- 
f l e c t i o n  angle  i s  shown i n  F i g .  34. 
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VERTICAL DEFLECTION ANGLE, DEG 
F i g .  3 3 .  P e r f o r m a n c e  o f  T r a n s l a t i n g  S c r e e n  T h r u s t  
V e c t o r  S y s t e m .  
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DEFLECTION ANGLE, DEG 
F i g .  3 4 .  A c c e l e r a t o r  C u r r e n t  v e r s u s  D e f l e c t i o n  
A n g l e  f o r  T r a n s 1  a t i  n g  S c r e e n  S y s t e m .  
The r e p e a t a b i l i t y  o f  t h e  system was confirmed by t h e  ou t -  
p u t  of  t h e  displacement  t r ansduce r  and t h e  l o c a t i o n  o f  t h e  
beam c e n t r o i d .  A f t e r  17 hours  o f  t e s t i n g  which inc luded  seven 
v e r t i c a l  d e f l e c t i o n  c y c l e s  o f  up t o  1 1 . 4  degrees  (and f i v e  
h o r i z o n t a l  d e f l e c t i o n s )  t h e  displacement  t r ansduce r  o u t p u t  re- 
tu rned  t o  i t s  i n i t i a l  va lue  when a l l  d e f l e c t i o n  power was r e -  
moved. The f i n a l  zero  d e f l e c t i o n  r ead ing  o f  t h e  d i f f e r e n t i a l  
t rans former  a f t e r  v e r t i c a l  d e f l e c t i o n s  up t o  18.4 degrees  and 
h o r i z o n t a l  d e f l e c t i o n s  up t o  21.8 deg rees ,  i n d i c a t e d  a  s h i f t  
i n  t h e  e l e c t r o d e  p o s i t i o n  of  0 . 0 1 4  mm ( equ iva l en t  t o  approxi-  
mately 0.5 degrees  of  d e f l e c t i o n ) .  
The response of  t h e  t r a n s l a t i n g  s c r e e n  e l e c t r o d e  system 
was r e l a t i v e l y  slow, when d e f l e c t i o n  was accomplished by ap- 
p ly ing  only t h e  amount o f  power r equ i r ed  to. achieve a  given 
d e f l e c t i o n ,  e . g . ,  1 0  rnin f o r  1 0  degrees  d e f l e c t i o n .  Due t o  
t h e  long  coo l ing  time r e q u i r e d ,  t h e  t ime t o  r e t u r n  t o  zero 
a f t e r  removing t h e  d e f l e c t i o n  power was even longe r ,  approxi-  
mately 30 min t o  r e t u r n  from 1 0  degrees .  The t ime t o  r e t u r n  
t o  zero d e f l e c t i o n  from 1 0  degrees  was shor tened  t o  one minute 
by h e a t i n g  t h e  opposing s p r i n g s  t o  t h e  same temperature  and a l -  
lowing bo th  s e t s  of  s p r i n g s  t o  coo l  s imul taneous ly .  The r e -  
t u r n  time could be  reduced even f u r t h e r  by apply ing  t h e  maxi- 
mum s a f e  power t o  t h e  opposing s p r i n g s  and r e p l a c i n g  t h e  man- 
u a l  o p e r a t i o n  used i n  t h e  experiment w i th  e l e c t r o n i c  swi tch ing  
of  a se rvo  system. The time t o  d i g p l a c e  t h e  sc reen  t o  a  de- 
s i r e d  p o s i t i o n  of  beam d e f l e c t i o n  can a l s o  be  reduced appre- 
c i a b l y  by apply ing  t h e  maximum s a f e  power u n t i l  t h e  d e s i r e d  
p o s i t i o n  i s  reached,  and then  reducing t h e  power t o  t h e  amount 
r equ i r ed  t o  main ta in  t h e  s p r i n g  temperature .  This  technique 
was used t o  reduce t h e  d e f l e c t i o n  t ime from 1 0  min t o  1 min. 
The performance of  t h e  t h r u s t e r  when o p e r a t i n g  w i t h  t h e  
movable s c reen  e l e c t r o d e  d e f l e c t i o n  system i s  summarized i n  
Table V. Note t h a t  t h e  d e f l e c t i o n  s e n s i t i v i t y  measured h e r e  
TABLE V 
MOVABLE SCREEN ELECTRODE SYSTEM TEST RESULTS 
A .  DEFLECTION SYSTEM PERFORMANCE 
1 .  D e f l e c t i o n  s e n s i t i v i t y  1 0  d e g / 0 . 0 3 1  cm o f  
s c r e e n  m o t i o n  
2 .  P o w e r  f o r  1 0  d e g  
d e f l e c t i o n  
3 .  T i n e  t o  r e a c h  1 0  d e g  
d e f l e c t i o n  
A p p l y i n g  1  . 1  IJ 2, 1 0  m i n  
A p p l y i n g  4  W 2, 1 m i n  
4 .  T i m e  t o  r e t u r n  t o  z e r o  
f r o m  1 0  d e g  d e f l e c t i o n  
A f t e r  r e m o v i  n g  p o w e r  2, 3 0  m i n  
A p p l y i n g  4 W t o  o p p o s i t e  2, 1 m i n  
s p r i n g s  
5 .  No z e r o  p o s i t i o n  e r r o r  
a f t e r  d e f l e c t i n g  t o  1 0  d e g  
B .  THRUSTER PERFORMANCE 
'beam = 2 5  mA 
I a c c e l  = 0 . 0 8  mA ( z e r o  d e f l e c t i o n )  
e V / i  o n  = 6 4 3  ( i n  d i s c h a r g e )  
= 6 8 . 2 %  ( w i t h o u t  n e u t r a l i z e r )  
was 8 deg ree s  f o r  a  motion o f  0 . 0 2 4  c m ,  which i s  1 0 %  o f  t h e  
s c r e e n  a p e r t u r e  d i ame te r .  Th i s  compares w e l l  w i t h  t h e  v a l u e  
of 8 . 4  d eg ree s  f o r  a  s i m i l a r  p e r c e n t a g e  motion p r e d i c t e d  from 
t h e  e l e c t r o l y t i c  t ank  s t u d i e s .  
F i g .  3 5 .  Beam Contours  f o r  Movabls Sc reen  System. 
I n  F ig .  35 c o n s t a n t  c u r r e n t  i n t e n s i t y  contours  f o r  t h r e e  
c o n d i t i o n s  of  d e f l e c t i o n  o f  t h e  movable s c reen  system* a r e  
shown: X a x i s  d e f l e c t i o n  o f  1 1 . 4  deg rees ,  Y a x i s  d e f l e c t i o n  
of  1 0 . 2  degrees  and d e f l e c t i o n  o f  10.5 degrees  a t  an ang le  of  
approximately 4 5  degrees  between t h e  X and Y axes .  I t  can be 
seen t h a t  d e f l e c t i o n  o u t  t o  t h e  des ign  goa l  of  1 0  degrees  does 
n o t  a l t e r  t h e  shape o f  t h e  contours  s i g n i f i c a n t l y .  F igure  36 
shows t h e  contours  f o r  t h e  cond i t i ons  of  maximum d e f l e c t i o n  
t h a t  were a t tempted wi th  t h e  movable s c r e e n  system; 2 1 . 8  de- 
g rees  i n  t h e  X d i r e c t i o n  and -18.4 degrees  i n  t h e  Y d i r e c t i o n ,  
I n  F ig .  37, contours  r e s u l t i n g  from scans  made a t  t h r e e  dif- 
f e r e n t  a x i a l  d i s t a n c e s  from t h e  t h r u s t e r  a r e  p re sen ted ,  The 
top  two contours  a r e  f o r  t h e  same d e f l e c t i o n  cond i t i on  taken 
a t  38 and 25 c e n t i m e t e r s ,  t h e  bottom two contours  show a  
second d e f l e c t i o n  cond i t i on  taken  a t  38 and 50 em. Contours 
such a s  t h e s e ,  taken a t  d i f f e r e n t  d i s t a n c e s  from t h e  t h r u s t e r ,  
provide a  means of e s t a b l i s h i n g  t h e  beam d ivergence .  Figure  
38 shows a  p l o t  of  half-power beam r a d i u s  ve r sus  d i s t a n c e  
downstream from t h e  t h r u s t e r  f o r  t h e  movable sc reen  e l e c t r o d e  
system. The beam divergence measured from t h e s e  d a t a  i s  l 3 , 2  
degrees .  
D . VECTORABLE DISCHARGE CHATdBER SYSTEM 
The vec to rab le  d i scha rge  chamber t h r u s t e r  mockup was 
bench t e s t e d  i n  a  v e r t i c a l  p o s i t i o n  t o  e s t a b l i s h  mechanical 
d e f l e c t i o n  c h a r a c t e r i s t i c s .  The d e f l e c t i o n  ang le  and a z i -  
muthal coo rd ina t e s  were measured by focus ing  t h e  i n t e g r a l  
p i n p o i n t  l i g h t  source  on a  coo rd ina t e  c h a r t  p laced  2 0  i n ,  
downstream on a  p l ane  normal t o  t h e  t h r u s t e r  a x i s .  The c h a r t  
X 
A l l  movable sc reen  d a t a  were taken wi thout  a  n e u t r a l i z e r ,  
was a l i g n e d  w i t h  t h e  t h r u s t e r  a x i s  w h i l e  t h e  s t e p p e r  motors  
were  i n  a  n e u t r a l  o r  ze ro -ze ro  p o s i t i o n .  Power was a p p l i e d  
i n  s i n g l e  p u l s e  i n c r e m e n t s  t o  e a c h  s t e p p e r  motor i n  t u r n  u n t i l  
each of t h e  1 4 4  p o s s i b l e  d e f l e c t i o n  a n g l e s  was p l o t t e d .  These 
results are  shown i n  Table  V I .  
F-9'9.  3 6 .  Beam Contours  a t  Plaximum D e f l e c t i o n  f o r  FSovable 
Sc reen  Sys tern. 
F i g .  3 7 .  Bean! Contours  a t  Three  Z D i s t a n c e s .  
MOVABLE ELECTRODE SYSTEM 
I, = 25mAl  V,= 2 . 0 K V  
10 2 0  30 40 
DISTANCE DOWNSTREAM FROM THRUSTER, cm 
F i g .  38. Beam Radius ve r sus  Z D i s t a n c e .  
B E N C H  T E S T  R E S U L T S  O F  V E C T O R A B L E  D I S C H A R G E  C H A M B E R  T H R U S T E R  M O C K U P  
t lRL485-ZI 
X-AXIS 
THRUST AXIS 
Y - AXIS 
SECTION VI 
SYSTEMS COMPARISON 
Table V I I  compares t h e  t h r e e  types  o f  t h r u s t  v e c t o r i n g  
systems on t h e  b a s i s  o f  t h e  c r i t e r i a  s e t  f o r t h  i n  Table I ,  
Sec t ion  111. On t h e  b a s i s  o f  t h i s  e v a l u a t i o n ,  t h e  e l e c t r o -  
s t a t i c  dua l  g r i d  system was chosen f o r  f u r t h e r  development i n  
t h e  5 cm s i z e  and f o r  t h e  1 0 0  hour endurance t e s t  t h a t  i s  re-  
po r t ed  i n  t h e  fo l lowing  s e c t i o n .  Speed o f  response and ab- 
sence of  any moving p a r t s  were cons idered  p a r t i c u l a r l y  c r i t i -  
c a l  f a c t o r s  i n  t h i s  deci .sion.  
The performance o f  t h e  LeRC 5 cm t h r u s t e r  when o p e r a t i n g  
wi th  t h e  dua l  g r i d  e l e c t r o s t a t i c  system, moving sc reen  e l e c -  
t r o d e  system, and a  s i n g l e  g l a s s  coa ted  nonde f l ec t ab l e  o p t i c  
i s  p re sen ted  i n  Table V I I I .  
T A B L E  V % I  
C O M P A R I S O N  O F  TI- IRUST V E C T O R I N G  S Y S T E M S  
D e f l e c t i o n  A n g l e  
CRITERION 
C o n t i n u o u s  d e f l e c t i o n  t o  g r e a t e r  
t h a n  1 0  deg 
C o n t i n u o u s  d e f l e c t i o n  t o  g r e a t e r  
t h a n  1 5  d e g  
T Y P E  OF S Y S T E M  I 
D i s c r e t e  d e f l e c t i o n  a n g l e s  t o  
1 0  d e g  ( c o n t i n u o u s  w i t h  m o d i -  
D e f l e c t i o n  t o  d i s c r e t e  a z i m u t h s  
DUAL GRID ELECTROSTATIC 
D e f l e c t i o n  A z i m u t h  C o n t i n u o u s  d e f l e c t i o n  t o  a n y  
a z i m u t h  
I I 
MOVABLE SCREEN ELECTRODE 
C o n t i n u o u s  d e f l e c t i o n  t o  a n y  
a z i m u t h  
VECTORABLE DISCHARGE CHAMBER 
I Response Time I E l e c t r i c a l  , < l o - '  s e c  I T h e r m a l ,  1 0  t o  1 0 0  s e c  l ~ e c h a n i c a l  c 1  s e c  1 
P o i n t i n g  A c c u r a c y  H i g h  a c c u r a c y  w i t h  c l o s e d  l o o p  H i g h  a c c u r a c y  w i t h  c l o s e d  l o o p  
c o n t r o l  I c o n t r o l  B e t t e r  t h a n  1  d e g  (may change  w i t h  t i m e )  
A p p r o x i m a t e l y  e q u a l  t o  a  n o n -  
v e c t o r a b l e  s y s t e m  
L i f e t i m e  
T h r u s t e r  P e r f o r m a n c e  
L i t t l e  a c c e l  e r o s i o n  a t  
e < 1 0  deg .  I n t e r e l e c t r o d e  i n -  
s u l a t o r s  s u s c e p t i b l e  t o  s p u t t e r  
d e p o s i t i o n .  
D i s c h a r g e  e V / i o n  i n c r e a s e d  No e f f e c t  
L i t t l e  a c c e l  e r o s i o n  a t  
e < 1 5  d e g  
D i s c h a r g e  e V / i o n  i n c r e a s e d  
A d a p t a b i  1  i t y  T e s t e d  o n  5 cm t h r u s t e r , m e c h a n i -  
c a l l y  d i f f i c u l t  f o r  30  cm 
t h r u s t e r  
T e s t e d  o n  5 cm f o r  1 0 0  h o u r s .  
No s a t i s f a c t o r y  d e s i g n  f o r  
30  cm t o  d a t e  
A d a p t a b l e  t o  b o t h  5  and  30  cm 
t h r u s t e r s  
A d a p t a b l e  t o  5  cm t h r u s t e r ;  
More  d i f f i c u l t  f o r  30  cm 
t h r u s t e r  . 
T e s t e d  C o n c e p t  T e s t e d  o n  5  cm,mockup d e m o n s t r a t e  
f o r  30  cm 
T e s t e d  o n  5  cm mockup 
D e v e l o p m e n t  T ime a n d  1 C o s t  5 cm p r o t o t y p e  d e s i g n  r e a d y  f o r  q u a l i f i c a t i o n  - 30 cm d i f f i c u l t  5  cm d e m o n s t r a t e d  - 30 cm p r o t o -  t y p e  d e s i g n  r e a d y  a t  e n d  o f  t h i s  
c o n  t r a c t  
P r e s e n t  5 cm g r i d  d e s i g n  
T o t a l  g r i d  w e i g h t  = 305 g  
Added s y s t e m  w e i g h t  = 5 .1% 
P r o t o t y p e  d e m o n s t r a t e d  f o r  5 cm 
t h r u s t e r  
W e i g h t  7P r e s e n t  5 cm d e s i g n  T o t a l  g r i d  w e i g h t  = 210 g  Added s y s t e m  w e i a h t  = 3 .9% Added s y s t e m  w e i g h t  % 5 0 0  g  ( %  21%) 
Re1 i a b i  1  i t y  
I I 
No m o v i n g  p a r t s  - p o s s i b l e  
f a i l u r e  mode - b y  a c c e l  e r o s i o n  
o r  i n s u l a t o r  l e a k a g e  
Power 
S p r i n g  a n d  f l e x u r e  d e f l e c t i o n  
o n l y  m o t i o n  r e q u i r e d  - n o  a d d i -  
t i o n a l  h i g h  v o l  t a g e  i n s u l a t o r s  
M e c h a n i c a l  a c t u a t o r s  r e q u i r e d  
L e s s  t h a n  1  W a t  0 = 1 0  d e g  
Power C o n d i t i o n i n g  
R e q u i r e d  
Two 1  kV p o w e r  s u p p l i e s  r e -  
q u i r e d  - C l o s e d  l o o p  c o n t r o l  
d e s i r a b l e  
~ ~ ~ ~ ~ ~ i ~ ~ t ~ l ~  1  w a t  e = 1 0  d e g  
Two l o w  v o l t a g e  h e a t e r  s u p p l i e s  
r e q u i r e d  - C l o s e d  l o o p  c o n t r o l  
d e s i r a b l e  
50 W ,  50  msec p u l s e  t o  a c t u a t e ;  
s t e a d y - s t a t e  - none  
Two p u l s e  s u p p l i e s  r e q u i r e d  - 
Open l o o p  c o n t r o l  a d e q u a t e  
T h r u s t e r  D e s i g n  No change  i n  d i s c h a r g e  chamber  
M i n i m a l  s t r u c t u r a l  change  
-- 
No change  i n  d i s c h a r g e  chamber  No change  i n  d i s c h a r g e  chamber  
M i n i m a l  s t r u c t u r a l  change M o d i f i e d  m o u n t i n g  r e q u i r e d  I 
T A B L E  VIII  
5 cm THRUSTER P E R F O R M A N C E  WITH T H R E E  OPTICS SYSTENS 
Parameter  
'beamy V 
'beamy m A 
v a c c e 1 3  v 
I a c c e l  * m A 
V d i s c h a r g e 3  V 
' d i s c h a r g e y  A 
S p e c i f i c  Impul s e ,  s e c  
T h r u s t ,  mlb 
eV/ion 
* 
'm d i s c h a r g e '  % 
* 
' e l e c t r i c a l  ' % 
Dual Grid 
E l e c t r o s t a t i c  
Defl e c t i  o n  
O p t i c s  System 
Movable Sc reen  
E l e c t r o d e  
D e f l e c t i o n  
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S E C T I O N  V I I  
ENDURANCE T E S T  O F  D U A L  G R I D  E L E C T R O S T A T I C  D E F L E C T I O N  S Y S T E M  
A. I N T R O D U C T I O N  
The p r eced ing  s e c t i o n  compares t h e  performance o f  t h e  f o u r  
most promis ing d e f l e c t i o n  systems s t u d i e d  under t h i s  program. 
Most o f  t h e  d a t a  was c o l l e c t e d  i n  r e l a t i v e l y  s h o r t  ( i . e . ,  5 
t o  1 0  hour )  t e s t s .  I n  o r d e r  t o  demonstra te  t h e  s t a b i l i t y  o f  
t h e  system and t o  p rov ide  an  exper imenta l  b a s i s  f o r  e s t i m a t i n g  
t h e  minimum u s e f u l  l i f e t i m e ,  a  100 hour endurance t es t  was 
conducted a s  t h e  f i n a l  phase  o f  t h e  t es t  program. Based on 
t h e  r e s u l t s  o f  t h e  p r eced ing  s e c t i o n ,  , e i t h e r  t h e  dua l  g r i d  
e l e c t r o s t a t i c  o r  t r a n s l a t i n g  s c r e e n  e l e c t r o d e  systems could 
have been used f o r  t h i s  t es t .  A f t e r  c o n s u l t a t i o n  wi th  t h e  
NASA Program Manager, t h e  e l e c t r o s t a t i c  system was chosen ,  
A new o p t i c  se t  was f a b r i c a t e d  and t h e  t e s t  begun, u s i n g  t h e  
same tes t  f a c i l i t y  a s  f o r  t h e  s h o r t e r  tests .  
B. 100 HOUR TEST 
The 1 0 0  hour  t e s t  was completed w i thou t  any obse rvab l e  
changes i n  d e f l e c t i o n  sys tem s e n s i t i v i t y  o r  t h r u s t e r  pe r -  
formance. S l i g h t  e r o s i o n  was v i s i b l e  on a  few o f  t h e  y -ax i s  
d e f l e c t i o n  e l e c t r o d e s  a t  t h e  conc lus ion  o f  t h e  t e s t .  During 
t h e  68th  hour  o f  t h e  t e s t ,  a  temporary s h o r t  was d e t e c t e d  
between t h e  t o p  and r i g h t  d e f l e c t i o n  e l e c t r o d e s .  Due t o  depo- 
s i t i o n  o f  s p u t t e r e d  m a t e r i a l  on t h e  i n t e r e l e c t r o d e  ceramic  
s p a c e r s ,  t h e  i n t e r e l e c t r o d e  c u r r e n t  f o r  480 V d e f l e c t i o n  vobt-  
age was 1 . 5  rnA a t  t h e  end o f  t h e  t es t .  
6. TEST PROCEDURE 
The t e s t  p l an  approved f o r  t h i s  t e s t  was a s  fo l lows .  
a Operate t h e  t h r u s t e r  a t  a  beam c u r r e n t  o f  30 mA, a 
n e t  a c c e l e r a t i n g  vo l t age  of  1 2 0 0  V (VI )  , and a  t o t a l  a c c e l e r -  
a t i n g  vo l t age  o f  2 4 0 0  V ( i . e . ,  VA = -1200 Y). 
e C o l l e c t  d e f l e c t i o n  d a t a  by making a  two-axis scan 
wi th  t h e  beam probe accord ing  t o  t h e  fo l lowing  schedule .  
@ A t  t h e  beginning and end o f  t h e  t e s t  d e f l e c t  i n  
approximately 2  degree  i n t e r v a l s  up t o  1 0  degrees  ( o r  t h e  v o l t -  
age l i m i t  o f  t h e  d e f l e c t i o n  supply)  a long  t h e  + X I  - X ,  + Y ,  and 
-Y axes i n  one p l ane .  I n  two o t h e r  p lanes  ( d i f f e r e n t  z  d i s -  
t ances )  scan a t  zero  d e f l e c t i o n  and f u l l  d e f l e c t i o n  i n  one 
d i r e c t i o n .  
0 Every twelve hours  measure t h e  d e f l e c t e d  beam 
in approximately 2  degree  i n t e r v a l s  up t o  1 0  degrees  a long 
t h e  + X a x i s  and a t  1 0  degree  d e f l e c t i o n  a long  t h e  - X ,  + Y ,  and 
-V  axes .  
D. TEST RESULTS 
The cons i s t ency  o f  t h e  d e f l e c t i o n  system i s  i l l u s t r a t e d  
by  t h e  d e f l e c t i o n  r e s u l t s  from t h e  measurements made a t  t h e  
beginning and end o f  t h e  t e s t  which a r e  p l o t t e d  i n  F ig .  3 9  
(X-axis) and F ig .  4 0  (Y-axis) .  The X-axis d e f l e c t i o n  ang le  
ve r sus  d e f l e c t i o n  vo l t age  r e s u l t s  a t  t h e  end of  t h e  t e s t  had 
an o f f s e t  from zero o f  approximately 1 . 2  degrees .  This  was 
caused by a  s h i f t  i n  t h e  r e f e r e n c e  vo l t age  a p p l i e d  t o  t h e  
po ten t iometer  from which t h e  X p o s i t i o n  o f  t h e  probe i s  ob- 
t a i n e d .  This vo l t age  change was d e t e c t e d  du r ing  t h e  f i n a l  
s e t  o f  d e f l e c t i o n  measurements and c o r r e c t e d .  However, t h e  
e r r o r  e x i s t e d  a t  t h e  time t h e  unde f l ec t ed  beam scan was made, 
F i g ,  
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and t h e r e f o r e  t h e  l o c a t i o n  o f  t h e  X coo rd ina t e  o f  t h e  unde- 
f l e c t e d  beam was a f f e c t e d .  The c o r r e c t e d  d a t a  p o i n t s  f o r  
1-8-71 shown i n  F ig .  39  were ob ta ined  by us ing  t h e  X coord i -  
n a t e  f o r  t h e  unde f l ec t ed  cond i t i on  on 1-6-71. I t  i s  important  
t o  no te  t h a t  though t h e  uncor rec ted  X-axis r e s u l t s  a t  t h e  end 
o f  t h e  t e s t  d i d  have an o f f s e t  due t o  t h e  r e f e r e n c e  vo l t age  
change, t h e  d e f l e c t i o n  s e n s i t i v i t y  had n o t  changed from t h e  
measurements made a t  t h e  beginning o f  t h e  tes t .  The most de- 
f l e c t i o n  d a t a  were ob ta ined  f o r  t h e  p o s i t i v e  X-axis. The r e -  
s u l t s  o f  averaging a l l  t h e  measurements made a long  t h e  +X a x i s  
a r e  p re sen ted  i n  F ig .  4 1 .  The angles  measured a t  t h r e e  d i f f e r -  
e n t  Z d i s t a n c e s  (33 ,  38, and 43 cm) agreed w i t h i n  1 0 % .  
The t e s t  p l an  was followed wi thout  i n c i d e n t  u n t i l  t h e  
f i r s t  d e f l e c t i o n  measurement on t h e  f o u r t h  day o f  t h e  t e s t  
(du r ing  t h e  68th h o u r ) ,  when it was d i scovered  t h a t  a  s h o r t  
e x i s t e d  between t h e  t o p  and r i g h t  d e f l e c t i o n  e l e c t r o d e s .  
While t h i s  s h o r t  remained, X-axis d e f l e c t i o n  measurements 
were made wi th  t h e  t o p ,  bottom, and r i g h t  e l e c t r o d e s  con- 
nec ted  t o g e t h e r  e x t e r n a l l y .  The d e f l e c t i o n  angles  measured 
under t h e s e  cond i t i ons  were s i m i l a r  t o  t h e  angles  measured 
p r i o r  t o  t h e  s h o r t .  During t h e  n e x t  scanning pe r iod  (74 th  
h o u r ) ,  it was found t h a t  t h e  e l e c t r o d e s  were no longe r  
sho r t ed .  The remaining d e f l e c t i o n  measurements were made i n  
t h e  normal manner. 
A s  t h e  t e s t  proceeded,  t h e  leakage  c u r r e n t  between t h e  
d e f l e c t i o n  e l e c t r o d e s  i nc reased  due t o  s p u t t e r e d  m a t e r i a l  
d e p o s i t i n g  on t h e  ceramic spac ing  d i s k s  between e l e c t r o d e s ,  
By t h e  end o f  t h e  t e s t ,  t h e  o v e r c u r r e n t  t r i p  c i r c u i t s  i n  t h e  
d e f l e c t i o n  supply would t r i g g e r  when t r y i n g  t o  apply t h e  full 
6 0 0  V d e f l e c t i o n  vo l t age .  I t  was noted t h a t  though t h e  d c  
t r i p  l e v e l  o f  t h e  supply i s  between 3 .5  and 4.5 mA, due t o  
t r a n s i e n t s  t h e  supply always t r i p p e d  o f f  be fo re  t h e  c u r r e n t  
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meters  even reached 3 mA. A t  t h e  completion o f  t h e  t e s t  a f t e r  
making a s  many of  t h e  scheduled d e f l e c t i o n  measurements a s  
p o s s i b l e  wi th  t h e  above d e f l e c t i o n  supply ,  an a t tempt  was made 
t o  apply f u l l  d e f l e c t i o n  v o l t a g e  wi th  a  h ighe r  c u r r e n t  capac i ty  
supply.  With t h i s  supply connected between t h e  X-axis d e f l e e -  
t i o n  e l e c t r o d e s ,  an a t t empt  t o  apply 6 0 0  V caused a  s h o r t  t o  
develop between t h e  t o p  and r i g h t  d e f l e c t i o n  e l e c t r o d e s .  
The performance o f  t h e  t h r u s t e r  throughout t h e  t e s t  was 
very s t a b l e .  The only d e v i a t i o n s  from normal o p e r a t i o n  were 
when t h e  plasma b r idge  n e u t r a l i z e r  keeper  went o u t ,  once d u r -  
i n g  t h e  47th hour and once aga in  du r ing  t h e  57th  hour.  The 
t h r u s t e r  was a l s o  tu rned  o f f  f o r  2 hours a f t e r  t h e  temporary 
s h o r t  between e l e c t r o d e s  was d i scovered  and then r e s t a r t e d  
wi thout  any d i f f i c u l t y .  The performance o f  t h e  d e f l e c t i o n  
system and t h r u s t e r  i s  summarized i n  Table I X .  
TABLE I X  
1 0 0  HOUR TEST PERFORMANCE SUMMARY 
I DEFLECTION SYSTEM PERFORMANCE I D e f l e c t i o n  S e n s i  t i  v i  t y  0 . 0 1 4  d e g / V  X - a x i s  
0 . 0 1 2  d e g / V  Y - a x i s  
I n t e r e l  e c t r o d e  C u r r e n t  ( 0 . 1 0  mA a t  s t a r t  
( f o r  d e f l e c t i o n  v o l t a g e  o f  4 8 0  V )  1 . 5  mA a t  e n d  
THRUSTER PERFORMANCE 
'beam 3 0  mA 
I a c c e l  0 . 2 1  mA 
'beam 1 2 0 0  V 
' a c c e l  1 2 0 0  v 
' d i s c h a r g e  3 7 . 1  V 
I d i  s c h a r g e  0 . 4 2 7  A 
e V / i o n  5 2 8  
"m ( d i s c h a r g e  o n l y )  6 4 . 5 %  
E. POST TEST ANALYSIS 
The appearance of  t h e  d e f l e c t i o n  system (and t h r u s t e r )  
fo l lowing  t h e  1 0 0  hour t e s t  was very good. The cond i t i on  of  
t h e  i n d i v i d u a l  d e f l e c t i o n  e l e c t r o d e s  i s  shown i n  F igs .  4 2 ( a )  
and ( b ) .  Some s l i g h t  e r o s i o n  occur red  on t h e  s t i f f e n i n g  r i b s  
o f  a few of  t h e  Y-axis d e f l e c t i o n  e l e c t r o d e s .  The d i r e c t  
s h o r t  between e l e c t r o d e s  t h a t  had occur red  a t  t h e  conc lus ion  
of  t h e  t e s t  when a  h i g h e r  power supply was s u b s t i t u t e d  f o r  t h e  
d e f l e c t i o n  supply d i sappeared  b e f o r e  t h e  system could be  ex- 
amined o u t s i d e  t h e  t e s t  chamber. I t  i s  b e l i e v e d  t h a t  t h e s e  
temporary s h o r t s  were caused by movement o f  t h e  e l e c t r o d e s  
due t o  thermal expansion from t h e  i n t e r e l e c t r o d e  c u r r e n t .  
This p o s s i b i l i t y  has  been e l imina t ed  i n  t h e  most r e c e n t  des ign  
where t h e  i n d i v i d u a l  e l e c t r o d e s  a r e  he ld  i n  p o s i t i o n  under 
s p r i n g  t ens ion .  
The source  of  t h e  decrease  i n  impedance between e l e c t r o d e s  
which caused t h e  i n t e r e l e c t r o d e  c u r r e n t  was obvious when t h e  
d e f l e c t i o n  system was disassembled.  The ceramic space r s  be- 
tween ad j acen t  e l e c t r o d e s  had become l i g h t l y  coa ted  wi th  
s p u t t e r e d  m a t e r i a l .  This  problem a l s o  w i l l  b e  a l l e v i a t e d  by 
t h e  most r e c e n t  des ign  i n  which t h e  d i s k  space r s  a r e  r ep l aced  
by a ceramic b a r  which i s  p o s i t i o n e d  w e l l  upstream o f  t h e  ac- 
c e l e r a t o r  p lane  and can be more e f f e c t i v e l y  s h i e l d e d .  
F , CONCLUSIONS 
The d e f l e c t i o n  c h a r a c t e r i s t i c s  o f  t h i s  d u a l  g r i d  e l e c t r o -  
s t a t i c  d e f l e c t i o n  system remained unchanged throughout  t h e  
1 0 0  hour t e s t .  Two problem a r e a s  were i d e n t i f i e d  a s  a  r e s u l t  
of  t h e  1 0 0  hour t e s t :  (1) a  bu i ldup  o f  i n t e r e l e c t r o d e  cur-  
r e n t  due t o  s p u t t e r  d e p o s i t i o n  on t h e  ceramic d i s k  i n t e r e l e c -  
t r o d e  space r s  and ( 2 )  i n t e r e l e c t r o d e  s h o r t i n g  due t o  
thermal expansion o f  t h e  e l e c t r o d e s  caused by t h e  i n t e r e l e c -  
t r o d e  c u r r e n t .  Both of t h e s e  problems should be  e l imina t ed  
by t h e  most r e c e n t  des ign  o f  t h e  dua l  g r i d  e l e c t r o s t a t i c  de- 
f l e c t i o n  system. 
( a )  X A x i s .  
F i g .  4 2 .  D e f l e c t i o n  E l e c t r o d e s  a f t e r  1 0 0  Hour T e s t .  
F i g .  4 2 ( b ) .  Y A x i s .  

S E C T I O N  V I I I  
D E L I V E R A B L E  H A R D W A R E  
In  f u l f i l l m e n t  o f  t h e  hardware d e l i v e r y  requirements  of  
t h i s  program, t h e  fo l lowing  d e l i v e r i e s  were made: t h r e e  d u a l  
g r i d  e l e c t r o s t a t i c  systems ( g r i d  assembly S / N  1 0 2 ,  105,  and 
1 0 6 )  a s  shown i n  F ig .  7 ;  one s i n g l e  g r i d  e l e c t r o s t a t i c  system 
( S / N  103) a s  shown i n  F ig .  8; one movable s c r e e n  e l e c t r o d e  
system a s  shown i n  F ig .  1 4 ;  one v e c t o r a b l e  d i scha rge  chamber 
t h r u s t e r  mockup a s  shown i n  F ig .  15 .  

S E C T I O N  I X  
C O N C L U S I O N S  
The goa ls  o f  t h e  e f f o r t  r epo r t ed  he re  were t o  f i r s t  make 
a  survey of  t h e  va r ious  conceptual  means o f  v e c t o r i n g  t h e  
beam from a  mercury bombardment i o n  t h r u s t e r ,  second,  t o  se -  
l e c t  t h e  b e s t  of  t h e s e  systems based on a n a l y t i c a l  models and 
pre l iminary  exper iments ,  t h i r d  t o  f a b r i c a t e  hardware r ep re sen ta -  
t i v e  o f  a t  l e a s t  t h r e e  systems and t o  exper imenta l ly  e v a l u a t e  
each o f  t h e s e  des igns  and f i n a l l y  t o  s e l e c t  t h e  most promising 
o f  t h e  systems and endurance t e s t  it f o r  1 0 0  hours .  On t h e  
b a s i s  o f  t h e  above sequence f o u r  systems were f a b r i c a t e d .  
These were t h e  dua l  g r i d  e l e c t r o s t a t i c ,  t h e  s i n g l e  g r i d  e l e c -  
t r o s t a t i c ,  t h e  movable s c r e e n  e l e c t r o d e ,  and t h e  v e c t o r a b l e  
d i scha rge  chamber. Of t h e s e  on ly  t h e  s i n g l e  g r i d  e l e c t r o -  
s t a t i c  (which had been considered s p e c u l a t i v e  from i t s  incep-  
t i o n )  d i d  n o t  meet s p e c i f i c a t i o n s .  Of t h e  o t h e r  t h r e e ,  t h e  
dua l  g r i d  e l e c t r o s t a t i c  w a s  cons idered  most promising f o r  t h e  
in tended  a p p l i c a t i o n  due t o  i t s  h igh  response  speed and t h e  
absence of  any moving p a r t s .  Although s lower ,  t h e  movable 
s c reen  e l e c t r o d e  i s  more e a s i l y  adaptab le  t o  l a r g e r  t h r u s t e r s  
and w a s  a b l e  t o  p rov ide  d e f l e c t i o n  ang le s  up t o  15  degrees  a s  
compared t o  1 0  degrees  f o r  t h e  e l e c t r o s t a t i c  system wi thout  
d i r e c t  i n t e r c e p t i o n .  The v e c t o r a b l e  d i scha rge  chamber had 
t h e  advantage o f  no t  modifying t h e  t h r u s t e r  performance i n  any 
manner b u t  was r a t e d  t h i r d  because o f  t h e  mechanical a c t u a t o r ,  
and t h e  f a c t  t h a t  c o n t r o l  o f  t h e  beam d i r e c t i o n  was i n  d i s c r e t e  
s t e p s  r a t h e r  than be ing  cont inuous.  An ex tens ive  comparison 
of  t h e  c h a r a c t e r i s t i c s  of  t h e  t h r e e  systems has been presen ted  
i n  Table V I I .  
I n  summary, it has  been shown t h a t  t h e  i o n  beam from a 
5 crn t h r u s t e r  (and hence t h e  t h r u s t  d i r e c t i o n )  can be  con t in -  
uously vec tored  t o  g r e a t e r  than  1 0  degrees  by bo th  e l e c t r i c a l  
and mechanical means. Furthermore,  it has  been i l l u s t r a t e d  
t h a t  t h e  performance o f  bo th  types  o f  systems can be p r e d i c t e d  
on t h e  b a s i s  of  a n a l y t i c a l  models de r ived  from a b a s i c  knowl- 
edge of  i o n  o p t i c a l  systems and a computer s imu la t ion  of  space  
charge l i m i t e d  flow. These b a s i c  models and t h e  c o n s t r u c t i o n  
techniques  demonstrated i n  t h i s  program can s e r v e  a s  t h e  
b a s i s  f o r  f u t u r e  development o f  both  5 cm and l a r g e r  t h r u s t  
v e c t o r i n g  systems.  
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